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The genetic mechanisms by which natural populations maintain abundant
phenotypic variation and adapt to their local environments remains a controversial topic
in evolutionary biology. An intriguing mechanism involving highly mutable
microsatellites, the “tuning knob” model, proposes that stepwise changes in microsatellite
allele lengths generate phenotypic variation in a stepwise manner. In this study, I
explored the predictions of the tuning knob model with transcribed microsatellites within
and among natural populations of common sunflower (Helianthus annuus L.) transecting
a latitudinal cline. An RNA-Seq experiment was conducted on 95 individuals from
Kansas and Oklahoma grown in a common garden. Enrichment of microsatellites within
differentially expressed (DE) genes was assessed. The results showed that A and AG
repeat-containing microsatellites are enriched within DE genes and that 83.5% of these
microsatellites are located within untranslated regions (UTRs). This finding is consistent
with a role for transcribed microsatellites in gene expression divergence. RNA-Seq data
were then used to assess microsatellite allele length effects on gene expression. Of the
microsatellites characterized in a reference transcriptome, 3,325 were genotyped. Of

these, 479 microsatellites at which allele length significantly correlated with gene
expression (eSTRs) were identified. When irregular allele sizes were removed from the
analysis, the number of eSTRs rose to 2379. eSTRs were most abundant within UTRs
(70.4%) which suggests that they are well-positioned as cis-regulatory elements. A
population genetic study conducted with 672 individuals across 17 sunflower populations
from Saskatchewan to Oklahoma revealed strong signatures of directional selection
acting on 13 eSTRs compared to 19 anonymous microsatellites assumed to evolve in a
neutral fashion. This demonstrates that longer or shorter alleles may be favored in more
extreme environments to that considered in the focal study. A second common garden
experiment conducted with populations further north and south of focal populations
revealed consistent patterns of correlation between microsatellite allele length and gene
expression at some eSTRs. This study provides evidence that transcribed microsatellites
function as “tuning knobs” of adaptation in common sunflower by modulating gene
expression. These findings imply that the genomes of natural populations may include
hundreds of active tuning knobs that can facilitate rapid evolution.

DEDICATION
This dissertation is dedicated to my loving parents for all the times they
encouraged me to color outside the lines.

ii

ACKNOWLEDGEMENTS
First and foremost, I would like to express my sincere gratitude to my adviser, Dr.
Mark Welch for his guidance and support throughout the years. I am especially thankful
for his patience as I tried to find my footing in a new field. His willingness to let me
explore new ideas and work to my strengths certainly helped me improve my skills as an
independent researcher. I am also grateful to my committee members, Drs. Wallace,
Counterman, and Perkins for contributing to this work in numerous ways. Their useful
suggestions during the initial stages of this project helped shape it to what it is today. I
am also thankful to Dr. Ronn Altig for taking his time to provide feedback on my writing
and the conversations we have had about my career choices have been especially
insightful.
This project would not have been possible without the help and support of two
people, Dr. Sreepriya Pramod and Gregory Wheeler, who contributed immensely to the
focal study that involved the common garden and RNA-Seq experiments. Their work laid
the foundation for much of the research presented in this dissertation. I am also indebted
to Drs. Brian Baldwin and Jesse Morrison from the Department of Plant and Soil
Sciences for providing the space and resources for the initial common garden experiment.
Also acknowledged are Dr. Emily Drummond from Loren Rieseberg’s laboratory at the
University of British Columbia and Dr. Edward McAssey from John Burke’s laboratory
at University of Georgia for generously providing plant material and DNA samples for
iii

the population genetic study. Their contributions helped expand the scope of this project
with minimal cost. I am also grateful to Dr. Mark Vorderbruggen for providing the
location information for sunflower populations in Texas.
This work would not have been possible without the countless hours that many
undergraduates spent on this project. I am especially grateful to Melody Chimahusky for
the many hours she spent working in the greenhouse and at the bench. Nicole RiveraTorres, Meaghan Kennedy, Amelia Andersson, and Harleen Kaur also contributed to this
work. Teaching them skills in the laboratory and seeing them flourish in their own unique
ways has been one of the most rewarding experiences of my time as a graduate student. I
would also like to acknowledge the financial support received from many sources that
made this work possible including NSF grants, MCB-1158521 and EPS-0903787,
Biology Faculty Fund research awards, teaching assistantship support provided by the
Department of Biological Sciences at Mississippi State, and the Graduate Student
Research Award received from the Botanical Society of America.
I owe a great debt of gratitude to many people who made my time at Mississippi
State a one filled with fond memories. I am especially thankful to all the past and present
members of the Welch laboratory including Dr. Giuliano Colosimo, Anna Jackson,
Jessica Martin Judson, Mikey Kartje, and Jen Moss. A special ‘thank you’ goes out to my
closest friends, Dr. Akila Karunanayake, Margarita Baquero, Eranga Wettewa, Taraka
Jayalath, Randika Perera, Jian Jiang, Marina Martinez-Bartolome, and Mabi Hossein for
their friendship through thick and thin. Last, but certainly not least, I am grateful to my
family for their unconditional love and continual support that certainly made, and will
continue to make all the difference.
iv

TABLE OF CONTENTS
DEDICATION ................................................................................................................ii
ACKNOWLEDGEMENTS ........................................................................................... iii
LIST OF TABLES ......................................................................................................... ix
LIST OF FIGURES .......................................................................................................xii
CHAPTER
I.

INTRODUCTION ............................................................................................ 1
References ....................................................................................................... 11

II.

TRANSCRIPTOME PROFILES OF SUNFLOWER REVEAL THE
POTENTIAL ROLE OF MICROSATELLITES IN GENE
EXPRESSION DIVERGENCE ........................................................... 17
Abstract ........................................................................................................... 17
Introduction ..................................................................................................... 18
Materials and methods ..................................................................................... 21
Plant material ............................................................................................. 21
Phenotypic trait measurements ................................................................... 22
RNA isolation, cDNA library preparation and sequencing ......................... 22
Transcriptome assembly ............................................................................ 23
Identification of differentially expressed transcripts ................................... 24
Microsatellite search .................................................................................. 25
GO enrichment analysis ............................................................................. 27
Results ............................................................................................................ 28
Phenotypic differences between latitudinal populations.............................. 28
Differential expression ............................................................................... 28
Microsatellite-containing differentially expressed transcripts ..................... 29
Microsatellite motifs .................................................................................. 33
Differentially expressed microsatellites in untranslated and coding
regions ........................................................................................... 34
GO enrichment analysis ............................................................................. 36
Discussion ....................................................................................................... 38
Acknowledgements ......................................................................................... 45
References ....................................................................................................... 46
v

III.

TRANSCRIBED MICROSATELLITE ALLELE LENGTHS ARE
OFTEN CORRELATED WITH GENE EXPRESSION IN THE
COMMON SUNFLOWER SUPPORTING THEIR
POTENTIAL ROLE AS ENGINES OF ADAPTIVE
EVOLUTION ..................................................................................... 51
Abstract ........................................................................................................... 51
Introduction ..................................................................................................... 52
Methods .......................................................................................................... 56
Sample collection and common garden experiment .................................... 56
RNA-Seq and de novo transcriptome assembly .......................................... 57
Functional annotation ................................................................................ 58
Microsatellite genotyping .......................................................................... 58
Effect of microsatellite allele length on gene expression ............................ 59
Validation of gene expression estimates by Real Time PCR (qPCR) .......... 60
Validation of RNA-Seq derived microsatellite genotypes with
fragment analysis ........................................................................... 61
Gene Ontology (GO) enrichment analysis .................................................. 62
Results ............................................................................................................ 63
Microsatellite search .................................................................................. 63
Microsatellites with significant allele length effect on gene
expression (eSTRs) ........................................................................ 63
Validation of gene expression estimates by Real Time PCR (qPCR) .......... 65
Validation of RNA-Seq derived microsatellite genotypes with
fragment analysis ........................................................................... 65
Functional annotation and Gene Ontology (GO) enrichment analysis ......... 67
Discussion ....................................................................................................... 69
Acknowledgements ......................................................................................... 76
References ....................................................................................................... 77

IV.

TRANSCRIBED MICROSATELLITES AS TARGETS OF
SELECTION IN LATITUDINAL POPULATIONS OF
COMMON SUNFLOWER ................................................................. 83
Abstract ........................................................................................................... 83
Introduction ..................................................................................................... 84
Materials and methods ..................................................................................... 88
Plant material ............................................................................................. 88
Transcribed and anonymous microsatellite loci .......................................... 88
PCR and genotyping .................................................................................. 91
Genetic diversity and population structure ................................................. 92
Loci under selection ................................................................................... 94
Latitudinal variation in microsatellite allele length ..................................... 96
Results ............................................................................................................ 96
Comparison of genetic diversity measures in eSTR and anonymous
microsatellite loci ........................................................................... 96
vi

Population structure ................................................................................. 100
Outlier loci .............................................................................................. 100
BayesFST .......................................................................................... 100
lnRV and lnRH .................................................................................. 101
Microsatellite allele length variation across latitudes ................................ 107
Discussion ..................................................................................................... 113
Acknowledgements ....................................................................................... 119
References ..................................................................................................... 120
V.

CLINAL PATTERNS OF CORRELATION BETWEEN
MICROSATELLITE ALLELE LENGTH AND GENE
EXPRESSION SUPPORT A POTENTIAL ADAPTIVE ROLE
FOR TRANSCRIBED MICROSATELLITES IN SUNFLOWER ..... 127
Abstract ......................................................................................................... 127
Introduction ................................................................................................... 128
Materials and methods ................................................................................... 131
Sample collection and common garden experiment .................................. 131
RNA extraction ........................................................................................ 132
Gene expression quantification ................................................................ 132
DNA extraction and Microsatellite genotyping ........................................ 134
Effect of microsatellite allele length on gene expression .......................... 134
Population genetic and statistical analyses ............................................... 135
Results .......................................................................................................... 137
Gene expression variation in eSTR- containing genes .............................. 137
Contribution of microsatellites to gene expression variation ..................... 138
Population structure ................................................................................. 138
Latitudinal variation in microsatellite allele length ................................... 139
Discussion ..................................................................................................... 147
Acknowledgements ....................................................................................... 153
References ..................................................................................................... 154

VI.

SUMMARY ................................................................................................. 161
References ..................................................................................................... 166

APPENDIX
A.

SUPPLEMENTARY MATERIAL – CHAPTER II....................................... 167
Supplementary Note ...................................................................................... 168
Percentage of mapped reads ..................................................................... 168
Additional transcriptomes ........................................................................ 168
Commonly identified transcripts .............................................................. 169
References ............................................................................................... 171
Supplementary Tables ................................................................................... 171
vii

Supplementary Figures .................................................................................. 179
B.

SUPPLEMENTARY MATERIAL – CHAPTER III ..................................... 180
Supplementary Note ...................................................................................... 181
qPCR protocol for validating RNA-Seq derived gene expression
estimates ...................................................................................... 181
PCR protocol for validation of RepeatSeq derived microsatellite
genotypes ..................................................................................... 182
Supplementary Tables ................................................................................... 183
Supplementary Figures .................................................................................. 188

viii

LIST OF TABLES
2.1

Effects of latitude on plant height at budding, flowering time, leaf
aspect ratio and total seed mass from latitudinal populations of
common sunflower (Helianthus annuus L.) from Kansas and
Oklahoma ......................................................................................... 31

2.2

Differentially expressed transcripts identified by DESeq and edgeR
between populations of common sunflower (Helianthus annuus
L.) from two latitudes in Kansas and Oklahoma grown in a
common garden ................................................................................ 31

3.1

Gene Ontology (GO) terms enriched within eSTR- containing
transcripts in Helianthus annuus (reduced to most specific
terms) ............................................................................................... 70

4.1

List of populations used in this study and their geographical locations ......... 89

4.2

Microsatellite repeat motif, location of the microsatellite within the
gene and the putative functions of the eSTR-containing genes
used in the study ............................................................................... 90

4.3

List of primers designed for the 13 eSTRs used in this study ........................ 92

4.4

Allelic diversity (AD), allelic richness (A), allele size range, observed
heterozygosity (Ho), expected heterozygosity (He) and pairwise
FST estimates at transcribed (eSTRs) and anonymous
microsatellite loci ............................................................................. 99

4.5

Number of lnRV and lnRH outliers identified in pairwise population
comparisons for transcribed and anonymous loci ............................ 109

4.6

Regression models estimating the effect of latitude on population
mean eSTR allele length ................................................................. 110

5.1

Voucher details for common sunflower (Helianthus annuus L.)
populations from Nebraska (NE) and Texas (TX) used in this
studya ............................................................................................. 136

ix

5.2

Microsatellite repeat motif, location of the microsatellite within the
gene and the putative function of the eSTR-containing genes
used in the study ............................................................................. 136

5.3

TaqMan gene expression assays designed for five eSTR-containing
genes in Helianthus annuus L. ........................................................ 137

5.4

Standard curve based estimates for two control and five eSTRcontaining genes in Helianthus annuus ........................................... 140

5.5

Correlation between relative concentrations of the five eSTRcontaining genes and the average concentration of actin and
ubiquitin ......................................................................................... 140

5.6

Regression models for estimating microsatellite allele length effect on
gene expression .............................................................................. 145

5.7

Diversity indices of the five eSTRs across the 96 H.annuus individuals
used in the study ............................................................................. 146

5.8

Results from the Analysis of Molecular Variance (AMOVA) for 96 H.
annuus individuals based on the five eSTRs used in the study ........ 146

A.1

Sequence similarity estimates between each new reference
transcriptome and the original reference transcriptome ................... 169

A.2

Number of transcripts shared among the reference transcriptomes .............. 170

A.3

Voucher details for common sunflower (Helianthus annuus L.)
populations from Kansas (KS) and Oklahoma (OK) used in this
studya ............................................................................................. 171

A.4

Summary statistics on transcriptome analysis using Illumina Hiseq
2500 for 95 common sunflower (Helianthus annuus L.) plants
from Kansas and Oklahoma ............................................................ 171

A.5

Differentially expressed (DE) transcripts identified by both edgeR and
DESeq between populations of common sunflower (Helianthus
annuus L.) from two latitudes in Kansas and Oklahoma grown
in a common garden ....................................................................... 171

A.6

BLASTX search results for microsatellite-containing DE genes. ................ 172

A.7

Distribution of microsatellite motif types within DE genes ......................... 173

x

A.8

GO terms enriched within microsatellite-containing differentially
expressed (DE) transcripts between populations of common
sunflower (Helianthus annuus L.) from two latitudes in Kansas
and Oklahoma grown in a common garden ..................................... 177

B.1

TaqMan gene expression assays designed for seven eSTR genes in
Helianthus annuus .......................................................................... 183

B.2

Standard curves generated for seven microsatellite containing contigs
in Helianthus annuus ...................................................................... 183

B.3

ANCOVA results for microsatellite loci with significant correlation
between allele length and log transformed gene expression in
populations of sunflower (Helianthus annuus) from Kansas and
Oklahoma ....................................................................................... 184

B.4

ANCOVA results for microsatellite loci with significant allele length
effect on log transformed gene expression after individuals
with irregular allele lengths have been removed from the
analysis .......................................................................................... 184

B.5

Coefficients of determination (R2) values from pairwise comparisons
of log transformed (qPCR concentration : RNA-Seq read)
ratios for seven eSTR genes ............................................................ 184

B.6

Gene Ontology (GO) terms enriched within eSTR genes ............................ 186

xi

LIST OF FIGURES
2.1

Variation in total seed mass, mean leaf area, flowering time, and
budding height in natural populations of common sunflower
(Helianthus annuus L.) from two latitudes in Kansas and
Oklahoma grown in a common garden. ............................................. 32

2.2

Microsatellite motif length frequencies in differentially expressed
(DE) and non- differentially expressed (NDE) transcript groups
between populations of common sunflower (Helianthus annuus
L.) from two latitudes in Kansas and Oklahoma grown in a
common garden ................................................................................ 37

2.3

Microsatellite motif type frequencies in differentially expressed (DE)
and non- differentially expressed (NDE) transcript groups
between populations of common sunflower (Helianthus annuus
L.) from two latitudes in Kansas and Oklahoma grown in a
common garden ................................................................................ 38

2.4

Microsatellite motif size distribution within untranslated (UTR) and
coding regions in differentially expressed (DE) transcripts
between populations of common sunflower (Helianthus annuus
L.) from two latitudes in Kansas and Oklahoma grown in a
common garden ................................................................................ 39

3.1

The effect of microsatellite allele length on gene expression ........................ 66

3.2

The distribution of microsatellite motif sizes and types in eSTRs ................. 67

3.3

The distribution of eSTRs located within the three regions; 5’UTR,
coding and 3’UTR ............................................................................ 68

3.4

The variation in eSTR tract lengths .............................................................. 69

3.5

Gene Ontology (GO) terms enriched within eSTRs ...................................... 72

4.1

Geographical locations of the natural populations of Helianthus
annuus L. used in this study .............................................................. 89

xii

4.2

(A) Expected Heterozygosity (He) and population genetic
differentiation (FST) estimates across 17 natural populations of
common sunflower at 19 anonymous and 13 transcribed
microsatellite loci (eSTRs) used in the study................................... 102

4.3

Allelic diversity (A) and allelic richness (B) across 17 natural
populations of common sunflower at 19 anonymous and 13
transcribed microsatellite loci (eSTRs) used in this study ................ 103

4.4

Population genetic structure of 17 natural populations of common
sunflower at (A) anonymous and (B) transcribed microsatellite
loci (eSTRs) ................................................................................... 104

4.5

Delta K values calculated according to Evanno’s method showing the
number of clusters best supported at (A) anonymous and (B)
transcribed microsatellites (eSTRs). ................................................ 105

4.6

Outlier microsatellite loci identified by BayesFST ..................................... 106

4.7

The relationship between standardized lnRV and standardized lnRH. ......... 108

4.8

Population mean microsatellite allele length plotted as a function of
latitude for eSTR loci, (A) comp50288 and (B) comp41936 ........... 111

4.9

Population mean microsatellite allele length plotted as a function of
latitude for eSTR loci, (A) comp47993 and (B) comp25591 ........... 112

5.1

Sampling locations of the six populations of Helianthus annuus from
Nebraska (NE) and Texas (TX) used in the study. .......................... 141

5.2

Correlation between relative concentrations of actin and ubiquitin. ............ 141

5.3

Correlation between relative concentrations of five eSTR-containing
genes and the average concentration of the two control genes
(actin and ubiquitin) ....................................................................... 142

5.4

Gene expression variation in five eSTR-containing genes across six
natural populations of Helianthus annuus from Nebraska (NE)
and Texas (TX)............................................................................... 143

5.5

Effect of microsatellite allele length on gene expression in five eSTRcontaining genes in six populations of Helianthus annuus from
Nebraska and Texas ........................................................................ 144

5.6

Population mean microsatellite allele length plotted as a function of
latitude for locus comp26672 .......................................................... 146
xiii

5.7

Population mean microsatellite allele length plotted as a function of
latitude for locus comp45709 .......................................................... 147

A.1

Multidimensional scaling (MDS) of the gene expression estimates for
the six natural populations of common sunflower from Kansas
(KS) and Oklahoma (OK) used in the focal study. .......................... 179

B.1

The distribution of motif sizes within microsatellites genotyped and
used in the search for eSTRs ........................................................... 188

B.2

The distribution of motif types within microsatellites genotyped and
used in the search for eSTRs ........................................................... 189

B.3

Correlation between log cDNA concentrations and log read count
ratios (log (C: R) generated from high and low copy number
eSTR loci ....................................................................................... 189

xiv

CHAPTER I
INTRODUCTION
In general, adaptation at the population level is considered a product of two
distinct processes, selection acting on standing genetic variation, and that acting on novel
beneficial mutations. The relative contribution of these two processes toward rapid
adaptive evolution is not completely clear and remains a controversial topic among
evolutionary geneticists (Orr 2010). Natural populations are often thought to contain
large reservoirs of genetic variation. When a population is placed under novel selective
pressures, such as those associated with a changing environment, this standing genetic
variation can allow for rapid adaptation. Despite the expectation that selection should act
to deplete genetic variation, it is evident that certain traits can continue to respond to
directional selection even in small populations for many generations (Dudley and
Lambert 1992; Mackay 1995; Yoo and Wendel 2014). This suggests the existence of
mechanisms that can rapidly generate adaptive genetic variation. However, specific
molecular mechanisms that may contribute toward rapid adaptive evolution remain
largely unknown, and many are dubious in this regard on theoretical grounds.
As it is assumed that selection can only act on existing genetic variation, standing
genetic variation is thought to contribute more to rapid adaptive evolution than novel
beneficial mutations (Messer and Petrov 2013). Although mutations are the fundamental
source of all heritable genetic variation, functional mutations that have been characterized
1

are typically deleterious, and beneficial mutations are thought to be exceedingly rare
(Smith 1998; Futuyma 2013). Hence, it is assumed that mechanisms increasing mutation
rates in the genome should be suppressed by selection because their net effect should act
to reduce the fitness of those individuals carrying these “mutators” (King et al. 1997).
Contrary to these popular concepts that emphasized the role of standing genetic variation
in rapid adaptive evolution, some empirical evidence suggests that large amounts of
potentially adaptive genetic variation are constantly generated by mutation alone in the
face of strong stabilizing selection (Lande 1975). However, this concept has been
criticized based on the inflated per generation estimates of functional mutation rates, and
the potential deleterious effects of mutations on fitness (Kashi et al. 1997). These
previous studies led Barton (1990) to suggest that mutation-selection balance should only
become a major contributor toward rapid adaptation if there exists an abundant source of
non-deleterious mutations in genomes.
Kashi et al. (1997) defines six criteria for potential advantageous mutators.
Ideally, these elements are widely distributed across genomes, associated with genes as
components of the coding regions or as regulatory elements, demonstrate high mutation
rates which alter their function in a quantitative fashion, have quantitative effects on
phenotypes, and should be non-deleterious or only weakly deleterious in nature (Kashi et
al. 1997). Highly mutable microsatellites meet many of these criteria.
Microsatellites, also known as short tandem repeats (STRs) or short sequence
repeats (SSRs), are regions of genomes that consist of tandemly repeated 1-6 bp long
nucleotide motifs (Tautz and Renz 1984). Short motifs can be tandemly repeated between
three to a few dozen times at these regions (Vogt 1990) and their polymorphism results
2

from indels generating variability in the number of repeats at a locus (Hancock 1999).
Microsatellites are widely dispersed across genomes in both eukaryotes and prokaryotes
(Field and Wills 1996; Tóth et al. 2000) and found at frequencies that are much higher
than that predicted based on the base composition alone (Tautz and Renz 1984; Epplen et
al. 1993). For example, microsatellites encompass ~3% of the human genome (Lander et
al. 2001). Microsatellites are known for high indel mutation rates and these rates are
estimated to be several orders of magnitude greater than base substitution rates
(Buschiazzo and Gemmell 2006). In humans, indel mutation rates for microsatellites have
been estimated to be between 10-4 -10-3 per locus per generation (Weber and Wong 1993;
Ellegren 2000) and similar rates have also been reported in several plant species (Udupa
and Baum 2001; Thuillet et al. 2002; Vigouroux et al. 2002). Microsatellite indel rates
have been attributed to replication slippage and unequal crossing over among other
processes (Vergnaud and Denoeud 2000; Ellegren 2004). Microsatellite variation has
long been considered non-functional and neutral and therefore, microsatellites have been
used as the molecular marker of choice in genetic mapping (Weber 1990; Dietrich et al.
1994), determination of kinship (Queller et al. 1993), and population genetics (Jarne and
Lagoda 1996). Although the abundance of microsatellites coupled with their
hypervariability are now considered favorable features of candidates for advantageous
mutators, the same features once led researchers to call them ‘junk’ DNA suggesting that
these regions are unlikely to receive any selective influence (Queller et al. 1993).
In the late 1990’s, with the development of EST databases, it became evident that
microsatellites are abundant within transcribed regions of several eukaryotic genomes (Li
et al. 2002, 2004; Morgante et al. 2002). These findings challenged the presumed
3

neutrality and non-functionality attributed to microsatellites in general. Their presence
within or close to regions that are likely to be under the influence of selection has further
emphasized their potential functional role. It was found that approximately 14% of
protein-coding regions of all known proteins contain a microsatellite with eukaryotic
genomes having three times more than prokaryotic genomes (Marcotte et al. 1999).
Several studies have reported potential bias toward specific repeat motifs within different
regions of the genome, which suggests that microsatellites are non-randomly distributed.
Morgante et al. (2002) in a survey of coding regions in six plant species reported that
triplet repeats doubled in frequency compared to that in other regions of the genome. An
excess of triplet repeats within coding regions have also been reported in surveys of
yeast, mouse, virus, fungi, protist, and human genomes (Field and Wills 1996; Metzgar et
al. 2000; Wren et al. 2000). This bias towards triplet repeats has been attributed to
purifying selection against frameshift mutations acting as a constraint within coding
regions (Metzgar et al. 2000). Different distribution patterns of microsatellite repeat
motifs in genomes have also been reported among taxa (Tóth et al. 2000). For example,
in many species, dinucleotides have been reported as the most abundant repeat motif
(Wang et al. 1994; Schug et al. 1998), while in primates mononucleotides are most
abundant (Tóth et al. 2000; Wren et al. 2000). Collectively, these non-random
distribution patterns of microsatellites observed within genomes and among taxa are to be
expected if there are potential functional attributes of microsatellites.
The first direct evidence that linked microsatellite variation within genes to
phenotypic changes came from research into human neurodegenerative diseases. The
first reported incidences of microsatellite diseases linked trinucleotide repeat expansions
4

to fragile X syndrome (Verkerk et al. 1991) and spinal and bulbar muscular atrophy (La
Spada et al. 1992). Subsequently, Andrew et al. (1993) identified a long, genic
polyglutamine repeat as the cause of Huntington’s chorea. Over 20 disorders have now
been tied to expansions of unstable repeats (Gatchel and Zoghbi 2005). The involvement
of microsatellites in these diseases confirmed the hypothesis that microsatellite variation
can in fact have functional consequences that would ultimately affect phenotypes.
However, far from indicating adaptive benefits, these microsatellites highlighted the
potential deleterious effects these repetitive regions could cause.
The presence of microsatellites within functional regions and their ability to affect
phenotypes led some researchers to suggest that they could also generate adaptive genetic
variation. For example, Fondon and Garner (2004) demonstrated that expansion and
contraction of a microsatellite was associated with variation in skeletal morphology
among domesticated dog breeds (Canis familiaris). Microsatellite variation has also been
linked to differences in social behaviors among species of voles (Hammock and Young
2005) and among some primate species (Hopkins et al. 2012). In other cases, thermal
sensitivity in fruit flies (Costa et al. 1991), and pathogenicity in bacteria (Moxon et al.
1994, 2006) have also revealed microsatellites with functional roles. Although
circumstantial evidence began to accumulate in favor of microsatellites serving as drivers
of rapid adaptive evolution, not much was known about the underlying mechanisms that
could explain the link between variation in microsatellites and phenotypes. In the late
1990’s a model was proposed that likened microsatellite to “tuning knobs” suggesting
that stepwise changes in microsatellite allele length could result in stepwise changes in
phenotypes (Kashi et al. 1997; King et al. 1997).
5

Tuning knobs could affect phenotypes either by modulating gene expression or by
generating structural changes in proteins. Microsatellites found in promoter regions and
those located in 5’ untranslated regions (UTRs) might influence transcription rates while
those in 3’UTRs are suspected of affecting transcript stability (Li et al. 2004). To this
end, in-vivo experiments have demonstrated that microsatellite allele length variation can
influence gene expression levels in several organisms including Saccharomyces
cerevisiae (Vinces et al. 2009), Haemophilus influenzae (Weiser et al. 1989), and
Arabidopsis thaliana (Sureshkumar et al. 2009). Microsatellites found in coding regions
are well positioned to introduce structural changes in proteins and they may also
influence gene expression levels by altering nucleosome binding (Li et al. 2004; Gemayel
et al. 2010). In Arabidopsis thaliana, microsatellites experimentally introduced into
coding regions were shown to alter protein structures (Golubov et al. 2010).
The non-random distribution of microsatellites in genomes, their presence within
functional regions, and empirical evidence in support of their involvement in gene
regulation suggests a global adaptive role for these elements across genomes. However,
the majority of studies seeking to elucidate the functional role of microsatellites have
focused on specific genes and some of these studies have been anecdotal. Given the
abundance of microsatellites across genomes, attempts need to be made to study the
relative importance of these potential tuning knobs on the scale of genomes or
transcriptomes. To this end, only a few attempts have been made to understand the role of
microsatellites in phenotypic variation focusing on multiple genes (Fahima et al. 2002;
Nevo et al. 2005) and more recently, at the genome level (Gymrek et al. 2015). Findings
from these studies further emphasize the importance of examining hypotheses regarding
6

microsatellites in adaptive evolution at the genome level. The availability and the
advancement of next generation sequencing methods have now made efficient testing of
these hypotheses regarding microsatellites feasible.
This dissertation work is focused on understanding the role that transcribed
microsatellites play in the adaptive evolution of natural, diploid populations using
common sunflower (Helianthus annuus L.) as a model system. Common sunflower
possesses several favorable characteristics that make it an ideal model system to study a
potential adaptive role for transcribed microsatellites. This species is known for its wide
distribution across North America and its range spans multiple habitats with different
ecological conditions (Heiser et al. 1969). These different local environmental stresses
imply that local populations of common sunflower are under different selective pressures.
Populations transecting latitudes have been shown to exhibit clinal variation in a number
of traits including flowering time (Blackman et al. 2011), seed oil content (Linder 2000),
and plant height (McAssey et al. 2016). This pronounced variation in putatively adaptive
traits across latitudes allows us to test the broad hypothesis that transcribed
microsatellites influence adaptive evolution in common sunflower.
This dissertation work focuses on the determining whether transcribed
microsatellites significantly impact gene expression levels in common sunflower. A
common garden experiment involving six natural populations of common sunflower from
two latitudes in Kansas and Oklahoma was conducted in the summer of 2013 at
Mississippi State University. A total of 95 individuals grown in the common garden were
then used in an RNA-Seq experiment.
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In Chapter II we tested the hypothesis that transcribed microsatellites contribute
to gene expression divergence among latitudinal populations of common sunflower. If
microsatellites contribute to gene expression divergence, we predicted that differentially
expressed genes among latitudes would harbor more microsatellites than nondifferentially expressed genes. Furthermore, we assessed the abundance of different
microsatellite motif lengths and types to understand their potential role in gene
expression divergence. We also investigated the likely locations of the microsatellites
within differentially expressed genes to address potential mechanisms by which they may
be able to influence gene expression levels. Our results suggest that mononucleotide
repeats in general and motif types, A and AG are enriched within differentially expressed
genes. Collectively, the results from Chapter II suggest that specific types of
microsatellites may influence gene expression divergence among latitudinal populations
of common sunflower.
Chapter III explores the predictions of the tuning knob model with microsatellitecontaining genes identified across individuals used in the RNA-Seq experiment. To
expand on the work described in Chapter II, we genotyped the microsatellites identified
in the reference transcriptome in all 95 RNA-seq databases. We then tested whether
microsatellite allele length significantly correlates with gene expression levels in
common sunflower. Of the microsatellites that could be consistently genotyped across a
sufficient number of individuals, 14.4% (479 eSTRs) revealed significant allele length
effects on gene expression. Further, when irregular allele sizes non-conforming with the
motif size were removed from the analysis, the number of eSTRs rose to 2379. We
limited the downstream analysis to the 479 eSTRs identified with the first approach.
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Roughly 70.4% of these 479 microsatellites were located in UTRs and are well
positioned to alter gene expression. Interestingly, 29.6% microsatellites that showed
significant correlations between microsatellite allele length and gene expression were
located within coding regions. It has been proposed that microsatellites within coding
regions may affect transcription rates by altering nucleosome binding however, such
mechanisms have not been explored in detail. A Gene Ontology (GO) enrichment
analysis conducted on the eSTR-containing genes revealed their involvement in cis- and
trans- regulatory processes that provides further evidence to support their role in gene
expression regulation. Further, this work demonstrates clear support for the tuning knob
hypothesis in the case of transcribed microsatellites because it relates additive genetic
variation in gene expression levels to microsatellite allele lengths.
In Chapter IV, we tested a priori hypothesis that eSTRs are more likely to be
under selection than are anonymous microsatellites that are assumed to evolve in a
neutral fashion. In line with this hypothesis we also predicted that at eSTRs, shorter or
longer allele lengths may be favored in more extreme environments in comparison to
localities of the focal populations in Kansas and Oklahoma. To explore these hypotheses,
we conducted a population genetic study with natural populations of common sunflower
north and south of the focal populations used in the RNA-Seq experiment. We assessed
the strength of selection acting on 13 eSTRs identified in Chapter III compared to 19
anonymous microsatellite loci previously identified by Tang et al. (2002) and Yu et al.
(2002). Comparative genetic diversity analyses together with outlier locus detection
analyses conducted on the two types of microsatellites indicated signatures of strong
directional selection acting on eSTRs when compared to anonymous microsatellites.
9

Chapter V explores the relationship between microsatellite allele length and gene
expression in five previously identified eSTRs across a wider latitudinal range from
Nebraska to Texas. To explore whether the patterns of correlation between allele length
and gene expression remain consistent across populations from a wider latitudinal range
compared to the focal populations, a second common garden experiment was conducted
with 96 individuals from six natural populations of common sunflower from Nebraska
and Texas. Using qRT-PCR, gene expression was quantified at five of the eSTRcontaining genes identified in Chapter III and the eSTRs were genotyped with traditional
fragment analysis methods. The results indicated that two of the five eSTRs studied show
significant allele length effect on gene expression. Furthermore, it was also revealed that
a significant portion of allele length variation at eSTR locus comp25013 was explained
by latitudinal differences suggesting that at eSTRs, different allele lengths are favored
under different environmental conditions.
Collectively, this dissertation work provides strong evidence to support the claim
that a substantial number of transcribed microsatellites in the genome can influence gene
expression in common sunflower and that this heritable variation in microsatellites is
potentially under selection. These results shed light on the pivotal role that microsatellites
can play in adaptive evolution of genomes. The evidence accumulated in this dissertation
provides strong support to the tuning knob model that is designed to explain how natural
populations can acquire mutations at rates far greater than typically assumed.
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CHAPTER II
TRANSCRIPTOME PROFILES OF SUNFLOWER REVEAL
THE POTENTIAL ROLE OF MICROSATELLITES IN
GENE EXPRESSION DIVERGENCE
This chapter is a modification of a manuscript accepted for publication:
Ranathunge, C., Wheeler, G. L., Chimahusky, M. E., Kennedy, M. M., Morrison, J. I.,
Baldwin, B. S., Perkins, A. D. and Welch, M. E. (). Transcriptome profiles of sunflower
reveal the potential role of microsatellites in gene expression divergence. Mol. Ecol.
Accepted Author Manuscript. doi:10.1111/mec.14522.
Abstract
The mechanisms by which natural populations generate adaptive genetic variation
are not well understood. Some studies propose that microsatellites can function as drivers
of adaptive variation. Here we tested a potentially adaptive role for transcribed
microsatellites with natural populations of the common sunflower (Helianthus annuus L.)
by assessing the enrichment of microsatellites in genes that show expression divergence
across latitudes. Seeds collected from six populations at two distinct latitudes in Kansas
and Oklahoma were planted and grown in a common garden. Morphological
measurements from the common garden demonstrated that phenotypic variation among
populations is largely explained by underlying genetic variation. An RNA–Seq
experiment was conducted with 96 of the individuals grown in the common garden and
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differentially expressed (DE) transcripts between the two latitudes were identified. A
total number of 825 DE transcripts were identified. DE transcripts and non-differentially
expressed (NDE) transcripts were then scanned for microsatellites. The abundance of
different motif lengths and types in both groups were estimated. Our results indicate that
DE transcripts are significantly enriched with mononucleotide repeats and significantly
depauperate in trinucleotide repeats. Further, the standardized mononucleotide repeat
motif A and dinucleotide repeat motif AG were significantly enriched within DE
transcripts while motif types, C, AT, ACC, and AAC in DE transcripts are significantly
differentiated in microsatellite tract length between the two latitudes. The tract length
differentiation at specific microsatellite motif types across latitudes and their enrichment
within DE transcripts indicate a potential functional role for transcribed microsatellites in
gene expression divergence in sunflower.
Introduction
Microsatellites are ubiquitous repetitive elements in eukaryotic genomes. These
short repetitive DNA sequences, typically less than 100 bp in total length consisting of 16 bp long repeat units (Tautz and Renz 1984), are known for their high indel mutation
rates (10-2 – 10-6) (Li et al. 2002). Although abundant in genomes, microsatellites have
usually been considered neutrally evolving regions (Schlötterer and Wiehe 1999). This
assumption of neutrality coupled with their hypervariability led to their reputation as the
molecular marker of choice for use in population genetics and forensics (Jarne and
Lagoda 1996). However, the prevalence of microsatellites in structurally important
regions of genomes has raised questions about their presumed neutrality (Li et al. 2004).
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Consistent with these concerns, several studies suggest functional roles for
microsatellites and some have even suggested that they can generate adaptive variation
(Kashi et al. 1997). For example, microsatellite variation in bacteria has been linked to
pathogenesis (Moxon et al. 1994, 2006). A number of microsatellites in eukaryotes have
been linked to diseases (Gatchel and Zoghbi 2005), variation in social behavior
(Hammock and Young 2005), and variation in skeletal morphology (Fondon and Garner
2004). Studies of plants have shown that microsatellites are non-randomly distributed
across genomes (Morgante et al. 2002; Pramod et al. 2014) and that some could play a
regulatory role in anti-sense transcription (Kashi and Soller 1999).
A model involving microsatellites, the “tuning knob”, suggests that their high
mutation rates could directly translate to the rapid generation of heritable variation (Kashi
et al. 1997; Trifonov 2004). By means of one or more mechanisms, the model proposes
that stepwise changes in microsatellite allele lengths result in stepwise effects on
phenotypes. While expansion or contraction of microsatellites within coding regions
might function as tuning knobs modulating protein function or enzyme activity primarily
by the addition or removal of amino acids, it has also been suggested that microsatellites
play roles as gene regulatory elements (Li et al. 2002; Gemayel et al. 2015). Gene
expression variation has been linked to variation in microsatellite allele length in studies
conducted on a number of organisms (Agarwal et al. 2000; Jansen et al. 2012; Gemayel
et al. 2015). Here, we investigated one potential functional role for microsatellites in
generating gene expression divergence. Microsatellites within transcribed regions could
influence cis-regulation. If true, then heritable differences in gene expression among
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populations adapted to different environments could be linked to the presence of
microsatellites.
Populations of the common sunflower (Helianthus annuus L.) transecting
latitudinal clines running from Texas to Canada were selected because of several
attributes that facilitate the study of adaptive evolution. Populations of H. annuus express
heritable differences that are adaptive across a diverse range of environmental conditions
(Heiser et al. 1969). Particularly, populations across this latitudinal gradient are known to
demonstrate continuous variation in a number of growth and developmental traits. For
example, sunflower populations growing at northern latitudes flower early and have
accelerated growth in response to short day lengths, whereas populations growing at
southern latitudes flower relatively late in response to longer day lengths (Blackman et al.
2011). It is this pronounced variation in adaptive traits across environmental gradients
that makes common sunflowers an ideal model system to study the potentially adaptive
role that microsatellites might play in modulating gene expression.
Microsatellites are non-randomly distributed in the sunflower transcriptome, and
they are enriched in genes related to stress and stimuli responses (Pramod et al. 2014).
While microsatellites are numerically more abundant in coding regions of the sunflower
transcriptome, their density in 5’UTRs is 11-fold greater than that in coding regions
(Pramod et al. 2014). Their high frequency and density within coding and 5’UTR regions
respectively, suggest their potential to generate structural changes in proteins as well as
function as cis-regulatory elements in sunflowers.
We tested a potential adaptive role for transcribed microsatellites in sunflowers by
assessing their enrichment in differentially expressed transcripts across populations of the
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common sunflower from two latitudes. In line with the proposed adaptive role for
microsatellites, we hypothesized that microsatellites function as cis-regulatory elements
and in line with this hypothesis, we predicted that a gene containing a microsatellite in
general may be more likely to exhibit gene expression divergence between latitudinal
populations. Considering that microsatellites of different motif sizes are prone to different
mutation rates, we predict specific motif sizes and types to be more or less likely
involved in gene expression divergence among latitudinal populations.
Materials and methods
Plant material
Seed from six natural populations of common sunflower (Helianthus annuus L.)
were collected in the fall of 2012 from three populations each (Table A.3) in Kansas and
Oklahoma representing two latitudes. Multiple populations from the same latitude were
used to assess whether heritable genetic variation within and among populations is
affected by selection. The seeds were scarified and germinated on moist filter paper in
Petri dishes. Successfully germinated seeds were planted in 2.54 cm diameter “conetainers” (Stuewe and Sons, Inc., Tangent, OR, USA) using a soil mixture collected from
the field where the plants were to be later transplanted. The “cone-tainers” were arranged
in a randomized design and the seedlings were grown in a climate controlled greenhouse
at Mississippi State University in the summer of 2013. Three hundred individuals (50
from each population) were transplanted to the field and morphological characteristics
were measured to determine heritable phenotypic differences among the populations
(June – August).
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Phenotypic trait measurements
Morphological and phenological measurements were taken over the course of
three months. The traits measured included height at budding, days to budding, leaf
aspect ratio and total seed mass. Plant height at budding (measured from the base to the
tip of the highest stem) was recorded after 49 and 60 days from germination when
inflorescence was observed for the first time in Kansas and Oklahoma populations,
respectively. The number of days to budding was measured from the germination date.
We attempted to collect three mature leaves from each plant to represent the range of leaf
size: one small, one medium and one large. Photographs of leaves were used to measure
the length and width of small, medium and large sized leaves with the ImageJ software
(Schneider et al. 2012) and the mean leaf aspect ratio was calculated for each individual.
After the inflorescences had withered, five inflorescences per plant were bagged with
nylon tulle mesh bags. Total seed mass per plant was extrapolated from the sample of
five inflorescences, multiplied by the number of branches and number of inflorescences
per branch. Statistical analyses were performed using R statistical software (R Core
Team, 2016). Single factor ANOVA was performed with latitude as the factor and the
measured trait as the response for each of the four characteristics.
RNA isolation, cDNA library preparation and sequencing
Leaves from 96 individuals were collected (48 from each latitude and 16 from
each population) at the age of four weeks while they were being grown in the greenhouse
and were used for RNA isolation. RNA was isolated from 20 mg of fresh leaf tissue with
Maxwell 16 LEV simplyRNA Tissue kits (Promega, WI, USA). The cDNA library
preparation and high throughput sequencing were carried out at the HudsonAlpha
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Institute for Biotechnology (http://hudsonalpha.org/). Two hundred nanograms of total
RNA was reduced to polyA+ RNA with oligo-dT beads. The purified mRNA was then
subjected to mild heat fragmentation, and first strand priming was carried out with
random hexamers. First strand synthesis was performed with Superscript II reverse
transcriptase (Invitrogen, MD, USA) and second strand synthesis with DNA polymerase.
The double-stranded cDNA was then used as the input to the protocol of the NEBNext
RNA-Seq kit (New England Biolabs, MA, USA). The end-repaired DNA with a single
‘A’ base overhang was ligated to Illumina paired end adapters. After ligation, the samples
were purified and subjected to 12 cycles of PCR, and the PCR products were quantitated
with an Agilent Bioanalyzer (Santa Clara, CA, USA). The samples were then diluted to
15 nM concentration and the final quantity and quality of the library were determined by
qRT-PCR with the Kapa Biosystems Library Quantitation Kit (KAPA Biosystems, MA,
USA). Final libraries of 10 uM working concentrations were pooled (10 libraries per
pool) and sequenced on the Illumina HiSeq 2500 platform.
Transcriptome assembly
The RNA-Seq experiment yielded high quality reads for 95 individuals out of 96
at an average of 42.8 million reads per individual. The paired end reads were 100 bp in
length and the number of reads per individual ranged from 27.6 – 88.1 million (Table
A.4). FASTQC software (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
was used to assess the quality of the reads which indicated the need to trim 14 bp from
the front end corresponding to the adapter sequence. Trimmed sequence reads complied
with the base composition and quality standards as determined by the default parameters
of the FASTQC program. The sample containing the highest number of reads (88.1
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million) having the best coverage was used to construct a reference transcriptome. The
independent software modules of Trinity, Inchworm, Chrysalis and Butterfly were used
on the large volume of RNA-Seq reads to construct the reference transcriptome (Grabherr
et al. 2011). The paired-end option in Trinity was used with a minimum contig size of
200 bp and the minimum k-mer coverage set to 1. The assembled reference consisted of
58,431 contigs. FASTQ files containing the raw reads for an individual were then aligned
to the constructed reference transcriptome with Bowtie2 (Langmead and Salzberg 2012),
and these output files in SAM format were used in SAMtools (Li et al. 2009) to produce,
sort and index BAM files. SAMtools produced read count data for each transcript and
gene expression was quantified from reads aligned to the reference transcriptome and
normalized by total number of sequence reads, with values expressed as counts per 100
million reads. Additionally, a consensus sequence file for each individual was generated
with SAMtools using BAM format files for each individual and the reference
transcriptome. To validate the use of a reference transcriptome built based on a single
individual, we assembled five new transcriptomes and conducted additional analyses
(Supplementary Note 1).
Identification of differentially expressed transcripts
A multidimensional scaling (MDS) of the gene expression estimates conducted
using edgeR (Robinson et al. 2010) revealed a clear partitioning between the two
latitudinal populations from Kansas and Oklahoma (Figure A.1). Differentially expressed
transcripts between the populations from the two latitudes were identified with DESeq
(Anders and Huber 2010) and edgeR (Robinson et al. 2010). The two programs, both
based on a negative binomial distribution, produce slightly different results because of
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differences in their normalization methods (Dillies et al. 2013). We used a false discovery
rate of 0.05 and an adjusted p-value of 0.05 based on the Benjamini-Hochberg method
(Benjamini and Hochberg 1995) to account for type I error in identifying significantly
differentially expressed transcripts. The cut off values for log-2-fold change were set at 1
and -1. We used only the differentially expressed transcripts that were identified by both
programs for downstream analyses because this method effectively reduces the frequency
of false positives (Yendrek et al. 2012; Gunter et al. 2013; Ropka-Molik et al. 2014).
Microsatellite search
Only transcripts that were identified as differentially expressed by both methods
were classified as differentially expressed (DE) transcripts for further analysis. All
remaining transcripts were classified as non-differentially expressed (NDE) transcripts.
These two groups of transcripts were mined for the presence of microsatellites with
SciRoKo v. 3.4 (Kofler et al. 2007). Microsatellites with motifs that were 1- 6 bp long
were considered in the analysis. The parameters included in the SciRoKo program were a
minimum alignment score of 8, a minimum tract length of 10, and a minimum number of
repeats of 4. We used the “mismatched variable penalty” mode available in SciRoKo to
detect imperfect or impure microsatellites (those interrupted by non-motif-conforming
bases) with a mismatch penalty of 4, and the maximum number of mismatches allowed at
once was 3. The SciRoKo output file includes information on the microsatellite motif,
standardized motif type, microsatellite tract start and end positions, microsatellite tract
length, minimum alignment score, and number of mismatches present within the
microsatellite tract that allowed further statistical analyses. Microsatellite information
pertaining to a single transcript per component (unigene) were retrieved for downstream
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analyses to avoid over-representation. We used custom PERL scripts to calculate the
frequency of the different microsatellite motif lengths and different motif types based on
standardized motifs in the SciRoKo output for DE and NDE transcript groups to assess
the enrichment of different motif lengths and types in the two groups. The analyses were
limited to motif types that were at least represented by 10 microsatellites in each group.
To compare microsatellite tract lengths in DE and NDE transcripts between
latitudes, we first retrieved consensus sequences from all 95 individuals for
microsatellite-containing DE and NDE transcripts identified in the reference
transcriptome. These sequences were mined for microsatellites with SciRoKo as
previously described. Microsatellite motif (standardized) and tract length information
were retrieved from sequences across all individuals for microsatellites within DE and
NDE transcripts identified in the reference. To identify whether microsatellite tract
lengths in DE and NDE transcripts are significantly different between latitudinal
populations for specific microsatellite motif types, Wilcoxon rank-sum tests were
performed for each motif type.
As the location of the microsatellites within transcripts can determine their
potential role in regulating gene expression, we attempted to identify the likely locations
of the microsatellites within DE and NDE transcripts. To identify whether they were
located in untranslated or coding regions, we first did a standalone BLAST (Basic Local
Alignment Search Tool) (Altschul et al. 1997) search against the Helianthus annuus
protein sequence database. Protein sequence data for sunflower unigenes downloaded
from the sunflower genome database at https://www.sunflowergenome.org/ were used to
create a database for the BLASTX search. Microsatellite-containing DE and NDE
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transcript sequences were used as the query. E-value cutoff of 0.0001, gap open penalty
score of 11, gap extension penalty score of one and minimum word size of three were
used as alignment parameters. BLOSUM62 was used as the matrix of choice. A best hit
overhang of 0.25 and a maximum target sequence value of one were used to minimize the
number of hits for each query sequence. The results of the BLASTX search were output
in tabular format and the hits were further filtered based on bit score and E-value to retain
the hit with the highest bit score and lowest E-value for each query sequence. Information
on the reading frame and the query start and end positions for best hits along with
information on microsatellite start and end positions obtained from the SciRoKo output
were used to identify whether DE microsatellites are located in 5’UTR, coding or 3’UTR
regions of the DE and NDE transcripts.
GO enrichment analysis
A standalone BLASTX search was made against the protein database of
Arabidopsis thaliana with the reference transcriptome as the input file to retrieve BLAST
hits associated with each gene. We used the program, GOrilla to identify Gene Ontology
terms enriched within microsatellite-containing DE transcripts (Eden et al. 2009).
Arabidopsis thaliana was selected as the organism of choice and the running mode was
set to “two unranked lists of genes” in which term enrichment is assessed for a target
gene list in comparison to a background list of genes. A file containing BLAST hit terms
associated with microsatellite-containing DE transcripts was used as the target list and a
file with BLAST hit terms for all transcripts in the reference transcriptome was used as
the background list. Term enrichment was assessed for three components of Gene
Ontology: biological process, molecular function and cellular component. Advanced
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parameters had a p-value threshold of 0.05. GOrilla uses a hypergeometric model to
compute p-values, and the p-values are then adjusted for multiple testing by the
Benjamini-Hochberg method (Benjamini and Hochberg 1995) to obtain FDR q-values.
Results
Phenotypic differences between latitudinal populations
Significant differences were observed for height at budding, flowering time, leaf
aspect ratio and total seed mass between the two latitudinal groups (Table 2.1).
Individuals from Oklahoma populations were significantly taller at flowering compared
to those from Kansas populations (p < 0.001) (Figure 2.1). As expected, Kansas
populations showed significantly earlier flowering dates compared to Oklahoma
populations (p < 0.001) (Figure 2.1). On average, Oklahoma populations produced larger
leaves as indicated by the mean leaf aspect ratios (p < 0.001) (Figure 2.1) and also
produced significantly higher total seed mass compared to Kansas populations (p < 0.05).
The significant differences observed in the studied phenotypic traits indicate the
underlying heritable genetic differences between the locally adapted populations from the
two latitudes.
Differential expression
The differential expression analysis using the two programs, DESeq and edgeR
yielded 1521 and 1955 significantly differentially expressed transcripts, respectively.
DESeq identified 1299 up-regulated and 222 down-regulated transcripts in Kansas (KS)
populations compared to Oklahoma (OK) populations. EdgeR identified 1548 and 407
up-regulated and down-regulated transcripts in Kansas populations, respectively (Table
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2.2). The two programs found 825 significantly differentially expressed transcripts in
common between populations from Kansas and Oklahoma (Table A.5). We used the 825
common transcripts identified by both programs for downstream analyses. The number of
up-regulated transcripts in Kansas populations identified by both programs was 670, and
155 transcripts were identified as down-regulated.
Microsatellite-containing differentially expressed transcripts
Comparisons between the DE and NDE transcript groups for microsatellitecontaining transcripts indicated that there was no significant difference in the proportion
of transcripts that contained a microsatellite (Chi squared test with Yate’s continuing
correction, p > 0.05). The results showed that 24.97% of the DE transcripts and 22.69%
of the NDE transcripts harbor one or more microsatellites. We also calculated the mean
microsatellite densities in each group (Pramod et al. 2014). Our results revealed that
microsatellite density is greater in DE transcripts (0.96 microsatellites per 2000 bp) when
compared to that in NDE transcripts (0.84 microsatellites per 2000 bp). It has been
reported that the detection of differentially expressed genes could be biased by transcript
length in RNA-Seq experiments (Oshlack and Wakefield 2009). This potential bias could
skew our estimates of differential expression, and subsequently, estimates of
microsatellite enrichment within each group. To account for this bias, we assessed the
effect of presence of microsatellites on gene expression divergence accounting for
transcript length. We employed a binomial logistic regression model with the level of
gene expression divergence (DE or NDE) as the discrete dependent variable, transcript
length, and presence or absence of microsatellites as continuous and categorical predictor
variables, respectively. Our results indicate that the presence of a microsatellite in general
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does not significantly affect gene expression divergence when accounting for transcript
length variation (p > 0.05). We then filtered the data to retain microsatellites representing
a single transcript per component. A total number of 282 microsatellites in
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Figure 2.1

Variation in total seed mass, mean leaf area, flowering time, and budding height in natural populations of common
sunflower (Helianthus annuus L.) from two latitudes in Kansas and Oklahoma grown in a common garden.

199 unique DE transcripts and 16795 microsatellites in 12172 NDE transcripts were
identified for further analyses on microsatellite motifs.
Microsatellite motifs
Comparisons of the frequencies of different microsatellite motifs between the DE
and NDE transcripts revealed significant differences between the two groups for specific
motif lengths. Mononucleotide repeats were significantly enriched within microsatellitecontaining DE transcripts (36.5%) compared to microsatellite-containing NDE transcripts
(29.3%) (Figure 2.2; Chi squared test with Yate’s continuing correction, p < 0.05), and
trinucleotide repeats showed significantly lower frequency within microsatellitecontaining DE transcripts (27.3%) (Figure 2.2; Chi squared test with Yate’s correction, p
< 0.001). The combined mono- and dinucleotides accounted for 66.9% of the
microsatellites found within the DE transcripts demonstrating that DE transcripts are
significantly enriched with microsatellites of shorter motif sizes compared to
microsatellite-containing NDE transcripts (56%)(Chi squared test with Yate’s correction,
p < 0.001). There was no significant difference in calculated frequencies for
microsatellite motifs, di, tetra, penta, and hexanucleotide repeats between microsatellitecontaining DE and NDE transcripts. The search for different motif types in the two gene
groups revealed that DE transcripts had only 24 standardized motif types compared to
208 different motif types in NDE transcripts. We compared the frequencies of the top ten
most abundant motif types in the DE genes with that in NDE genes. The study identified
the standardized motif types A (Chi squared test with Yate’s continuing correction, p <
0.05) and AG (Chi squared test with Yate’s continuing correction, p < 0.001) as
significantly enriched in the DE transcripts (Figure 2.3). Standardized motif type A
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includes both A and T motif types and AG includes AG, GA, CT, and TC motif types
(Kofler et al. 2007).
Wilcoxon rank-sum tests performed on microsatellite tract lengths in DE
transcripts between the two latitudes revealed significant differences in tract lengths for
four microsatellite motif types within DE transcripts, namely, ACC (P-value = 0.00008),
C (P-value = 0.01897), AAC (P-value = 0.01085), and AT (P-value = 0.01064) . Of the
four motif types significantly differentiated at tract length between the two latitudes,
ACC, C, and AT showed significantly longer microsatellite tract lengths in Oklahoma
populations in comparison to those in Kansas. Motif type AAC showed significantly
longer microsatellite tract lengths in Kansas populations. . Of the 24 motif types, nine
motif types, ATAC, AACAT, AAAAC, AATC, ACG, AAACAC, ACCCG, ATATAG,
and ATC showed no variation in tract length across all individuals. We also performed
Wilcoxon rank-sum tests on microsatellite tract lengths in NDE transcripts between the
two latitudes, and of the 208 different motif types, only motif type AACAC (p = 0.0348)
showed a significant difference in tract length.
Differentially expressed microsatellites in untranslated and coding regions
The BLASTX search against the Helianthus annuus protein sequence database
identified unique hits for 85 DE transcripts (42.7%) that contained 114 microsatellites
(Table A.6). Of the 114 microsatellite in DE transcripts, 52 were located in 3’UTRs
(45.2%), 44 in 5’UTRs (38.3%), and 18 in coding regions (15.7%). Dinucleotides
(40.9%) were the most abundant motif size in 5’UTRs followed by trinucleotides
(29.5%). In coding regions, trinucleotides (77.8%) were the most abundant motif size
while mononucleotides accounted for 25% of the microsatellites in DE transcripts within
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3’UTRs (Figure 2.4). Motif types, AG (25%), ATC (27.8%), and A (34.6%) were
identified as most abundant in 5’UTR, coding, and 3’UTR regions, respectively (Table
A.7).
Comparatively, a total number of 6324 unique hits in the Helianthus annuus
protein sequence database were identified for NDE transcripts that contained 6748
microsatellites. Of the 6748 microsatellites in NDE transcripts, 3122 were located in
5’UTRs (46.3%), 2188 in 3’UTRs (32.4%), and 1438 in coding regions (21.3%). We
compared these numbers to that identified within the UTRs and coding regions of DE
transcripts. While we did not detect any significant difference in the number of
microsatellites located within 5’UTRs or coding regions between the DE and NDE
transcripts, microsatellites were significantly enriched within 3’UTRs of DE manuscripts
compared to that in the 3’UTRs of NDE transcripts (Chi squared test, P-value < 0.01). Of
the 3122 microsatellites located within the 5’UTRs of NDE transcripts, 1362 were
trinucleotides (43.6%) followed by 1071 dinucleotides (34.3%). A total number of 1218
microsatellites located within the coding regions of NDE transcripts were trinucleotides
(84.7%) while microsatellites located within 3’UTRs of the NDE transcripts mostly
comprised of mononucleotides (46.1%). We also tested for enrichment of specific motif
sizes within the three regions in the DE transcripts compared to NDE transcripts. Our
results indicate that dinucleotide repeats are significantly enriched in 3’UTRs of DE
transcripts compared to that in 3’UTRs of NDE transcripts (Chi squared test, P-value <
0.001). Motif type AG (20.2%) was the most abundant in microsatellites located within
5’UTRs of NDE transcripts, while motif types AAG (16%) and A (44.2%) were
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identified as the most abundant in microsatellites in coding regions and 3’UTRs,
respectively.
GO enrichment analysis
The BLASTX search against the Arabidopsis thaliana protein database assigned
BLAST hit terms to 19808 sequences in the reference, and this list of BLAST hit terms
was used as the background list in the GO enrichment analysis. The list of BLAST hit
terms corresponding to microsatellite-containing DE transcripts (178 out of 206) was
used as the target list for the GO enrichment analysis. Five GO terms related to peptidyllysine modification, chromatin modification, peptidyl-lysine methylation, chromatin
organization, and histone modification were significantly enriched with microsatellitecontaining differentially expressed genes within the biological process GO category (p <
0.001; Table A.8). However, when accounting for multiple comparisons, only one GO
term, related to peptidyl-lysine modification, was found significantly enriched with
microsatellite-containing DE transcripts (FDR q-value < 0.05). The results from the GO
enrichment analysis showed four microsatellite-containing DE transcripts specifically
associated with peptidyl-lysine modification. Within the molecular function GO category,
two GO terms related to lysine N-methyltransferase activity and protein-lysine Nmethyltransferase activity were initially identified as significantly enriched in
microsatellite-containing DE transcripts (p < 0.001; Table A.8). However, neither one of
the two showed significant enrichment when accounting for multiple testing (Table A.8).
There was no significant GO term enrichment in the microsatellite-containing DE
transcripts within the cellular component category.
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Figure 2.2

Microsatellite motif length frequencies in differentially expressed (DE) and
non- differentially expressed (NDE) transcript groups between populations
of common sunflower (Helianthus annuus L.) from two latitudes in Kansas
and Oklahoma grown in a common garden

The bars represent the frequencies of different motif lengths in differentially expressed
(DE) and non-differentially expressed (NDE) transcript groups across latitudinal
populations of H.annuus. *Significance at p < 0.05, ** Significance at p < 0.001 (Chi
squared test with Yate’s correction)
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Figure 2.3

Microsatellite motif type frequencies in differentially expressed (DE) and
non- differentially expressed (NDE) transcript groups between populations
of common sunflower (Helianthus annuus L.) from two latitudes in Kansas
and Oklahoma grown in a common garden

The bars represent the frequencies of standardized motif types in differentially expressed
(DE) and non-differentially expressed (NDE) transcript groups across latitudinal
populations of H.annuus. The frequencies of the top ten most frequent standardized motif
types in the DE genes were compared with their frequencies in the NDE transcript group.
*Significance at p < 0.05, ** significance at p < 0.001 (Chi squared test with Yate’s
correction)
Discussion
Collectively, our results implicate a potential role for microsatellites in
gene expression divergence. Our study demonstrates that specific microsatellite motif
sizes and types are enriched in DE transcripts among latitudinal populations of common
sunflower. The lengths of microsatellites differ significantly between latitudes for DE
transcripts with specific microsatellite repeat motifs. Similar patterns were absent from
the NDE transcripts.
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Figure 2.4

Microsatellite motif size distribution within untranslated (UTR) and coding
regions in differentially expressed (DE) transcripts between populations of
common sunflower (Helianthus annuus L.) from two latitudes in Kansas
and Oklahoma grown in a common garden

This indicates that lengths of specific motif-containing microsatellites located
within DE transcripts are likely under stronger selective pressures in comparison to those
in NDE transcripts. Our study also demonstrates that a gene containing a microsatellite
within the 3’UTR is more likely to show gene expression divergence across latitudinal
populations of sunflower. This may indicate potential mechanisms by which
microsatellites may be able to modulate gene expression based on their location within
the transcript. Additionally, the microsatellite-containing DE transcripts identified in our
study were enriched for specific Gene Ontology terms suggesting likely genes where fine
tuning of gene expression may be favored.
Our initial morphometric analysis of traits revealed significant differences in
height at budding, flowering time, leaf aspect ratio and total seed mass between the
populations of common sunflower from the two latitudes grown in the common garden.
This demonstrates the heritable nature of the studied phenotypic traits. Flowering time
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measurements among the populations from Kansas and Oklahoma exhibited a pattern
consistent with previous data on sunflower (Blackman et al. 2011) wherein populations
from the northern latitudes flowered earlier than those from the southern latitudes (Figure
2.1). Growing seasons tend to be shorter in higher latitudes therefore plants may be
selected for early flowering time and seed set whereas in the south, where growing
seasons are longer, selection may favor later flowering plants that grow to a large size
and produce more seed mass. Our results indicated that Oklahoma populations produced
more seed mass and larger leaves compared to Kansas populations consistent with the
expected patterns. Significant differences were observed between the latitudinal
populations in height at budding; Oklahoma populations were significantly taller than
Kansas populations at budding. Typically, populations from northern latitudes tend to be
shorter at flowering compared those from southern latitudes due to their short vegetative
growth period. Our results indicated a similar trend to these expected patterns. In general,
the notable phenotypic differences observed among the populations grown under
common conditions demonstrated the heritable nature of the traits among the populations
providing an impetus to study underlying molecular mechanisms of gene regulation.
Few studies suggest that microsatellites may play a significant role in modulating
gene expression. Consistent with the functional aspects of microsatellites, we
hypothesized that transcribed microsatellites contribute toward gene expression
regulation leading to adaptive genetic variation. We assessed the enrichment of
microsatellites in transcripts that exhibit differential expression between locally adapted
populations of sunflowers from a latitudinal cline and predicted nonrandom distribution
of microsatellites within the sunflower transcriptome.
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There was no significant difference among DE and NDE transcripts in terms of
percentage of microsatellite-containing transcripts in each group (24.97% and 22.69%,
respectively) although microsatellite density was greater in DE transcripts than in NDE
transcripts. Further, the presence of a microsatellite within a transcript was shown to have
no significant effect on expression divergence. Our results that mononucleotide repeats
are significantly enriched in microsatellites located within in DE transcripts (36.5%)
compared to NDE transcripts suggest that a mononucleotide containing gene is more
likely to exhibit differential gene expression among latitudinal populations of sunflower.
When combined, mononucleotides and dinucleotides accounted for 66.9% of
microsatellites found within DE transcripts. It is important to note that DE transcripts
were significantly depauperate in trinucleotides (27.3% of the microsatellites in DE
transcripts) compared to NDE transcripts (38.02% of the microsatellites in NDE
transcripts). This finding is consistent with the claim that trinucleotide repeats, common
in coding regions, are more likely to produce changes in protein structure than affect gene
expression levels. Of the 34 mononucleotide tracts in DE transcripts successfully mapped
to the sunflower unigenes, 31 (91.2%) were located within UTRs while three loci (8.8%)
were located within coding regions (Figure 2.4). All dinucleotide repeats mapped to
sunflower unigenes were located within UTRs. When compared with 3’UTRs of NDE
transcripts, we detected a significant enrichment of dinucleotide repeats within 3’UTRs
of DE transcripts. This may suggest potential cis-activity at these dinucleotide repeatcontaining microsatellites located in the 3’UTRs. Generally, microsatellites with short
motif sizes have higher mutation rates and rapid rates of evolution compared to relatively
longer repeats (Chakraborty et al. 1997; Schug et al. 1998). Our results indicate that DE
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transcripts among latitudinal populations of common sunflower are more likely to carry
microsatellites with short motif sizes that may be subject to elevated rates of mutation
and provide evolutionary lability to these microsatellites.
Relative frequencies of different motif types among the transcript groups, DE and
NDE, showed that the standardized motif types A/T and AG/GA/CT/TC are enriched
within the DE transcript group. The enrichment of mononucleotides, specifically A/T
repeats, within DE transcripts was significant (Chi squared test with Yate’s correction, Pvalue < 0.05) in comparison to NDE transcripts which suggests that some of these repeat
regions may play a role in gene expression variation. Empirical evidence suggests that the
presence of mononucleotide repeats within genes, specifically close to regulatory
elements, could have a significant effect on gene expression in many species (Coenye and
Vandamme 2005; Gur-Arie et al. 2000; Ussery et al.2002). Previous studies have noted
the high frequencies of A/T repeats and comparatively low frequencies of G/C repeats in
transcribed regions of plant genomes (Chen et al. 2015; Xu et al. 2015) which indicates a
selection bias toward A/T repeats. Potential functional and phenotypic effects resulting
from variation in A/T repeat tract lengths have been previously noted (Åberg et al. 2014;
Van Belkum et al. 1998). However, when microsatellite tract lengths within DE
transcripts were compared between latitudes for A/T repeats in our study, no significant
differences were observed. Motif types C/G, although lower in frequency within DE
transcripts, showed significant differentiation in tract length between latitudinal
populations which could support the claim that different allele lengths at microsatellites
may be linked to different levels of gene expression.
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Our results also indicated that AG/GA/CT/TC repeats are significantly enriched
within the DE transcripts (Figure 2.3) despite the observation that dinucleotides in
general are not significantly enriched within DE transcripts. In agreement with the
proposed functional role for microsatellites, the results suggest a selection bias toward
presence of AG/GA/CT/TC repeat motifs within DE transcripts. Previous studies provide
empirical evidence for the potential role of AG/GA/CT/TC repeats in gene expression
regulation in plants (Kumar and Bhatia 2016; Sangwan and O'Brian 1993). Together, the
enrichment of AG/GA/CT/TC repeats, and the significant differentiation in tract length in
AT/TA repeats within DE transcripts suggest that some of these microsatellite loci may
function as cis-regulatory elements (Table A.7). Proposed mechanisms to explain the cisregulatory role of these specific classes of microsatellites include their ability to act as
alternative promoters (Xu and Goodridge 1998), create additional transcription binding
sites (Ng et al. 2009) and increase H-DNA structures (Han and De Lanerolle 2008)
among others.
We conducted a GO enrichment analysis to identify specific GO terms enriched
within microsatellite-containing DE transcripts to further test the hypothesis that
microsatellites may play a functional role in genes associated with specific pathways. Our
results indicated that GO terms related to peptidyl-lysine modification were enriched
within microsatellite-containing DE transcripts in comparison to the background gene list
which consisted of all the genes represented in the reference transcriptome (FDR q-value
< 0.05). The putative functions of the four microsatellite-containing DE transcripts that
were identified in our study as associated with peptidyl-lysine modification (Table A.8)
have been previously reported. Caro et al. (2012) indicated that histone-lysine n43

methyltransferase SUVR5 gene coding for a plant Su (var) 3-9 homolog can regulate
gene expression of a subset of stimulus response genes in Arabidopsis thaliana in a
manner independent of DNA-methylation. This suggests an important role in plant
adaptability to extracellular cues. The genes coding for histone h3 acetyltransferase idm1,
[fructose-bisphosphate aldolase]-lysine n-methyltransferase, and helicase/sant-associated
DNA binding protein have been linked to DNA demethylation (Qian et al. 2012), carbon
metabolism in chloroplasts (Mininno et al. 2012), and regulation of photoperiodism
(Bieluszewski et al. 2015). These studies suggest that the microsatellite-containing DE
transcripts linked to peptidyl-lysine modification may have an adaptive role in plants.
However, these gene ontology based inferences of function should be treated with
caution considering that GO terms were obtained from A. thaliana in the absence of
sufficient quality best hits in the BLASTX search against H. annuus for these specific
loci.
Our study provides support for a gene regulatory role for transcribed
microsatellites in common sunflower. We demonstrated that specific classes of
microsatellites are enriched within DE transcripts of natural populations of sunflowers
across a latitudinal cline. Our results showed that genes containing microsatellites of
short motif sizes that are subject to higher mutation rates are more likely to be
differentially expressed across a latitudinal cline. The high frequencies of short motifcontaining microsatellites within DE transcripts and the significant differentiation in
microsatellite tract lengths in some motifs between latitudinal populations may indicate
evolutionary lability at these loci. We found evidence that specific GO terms related to
peptidyl-lysine modification in plants are enriched within DE transcripts that contain
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microsatellites which warrants further studies to test the role of microsatellites in gene
expression regulation.
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CHAPTER III
TRANSCRIBED MICROSATELLITE ALLELE LENGTHS ARE OFTEN
CORRELATED WITH GENE EXPRESSION IN THE
COMMON SUNFLOWER SUPPORTING THEIR
POTENTIAL ROLE AS ENGINES OF
ADAPTIVE EVOLUTION
Abstract
Microsatellites are common in most species. While an adaptive role for these
highly mutable regions has been considered, little is known concerning their contribution
towards phenotypic variation. Here we used populations of the common sunflower
(Helianthus annuus L.) at two latitudes to quantify the effect of microsatellite allele
length on phenotype at the level of gene expression. We conducted a common garden
experiment with sunflower populations from Kansas and Oklahoma followed by an
RNA-Seq experiment on 95 individuals. The effect of microsatellite allele length on gene
expression was assessed across 3325 microsatellites that could be consistently scored.
Our study revealed 479 microsatellites at which allele length effects on gene expression
(eSTRs). Further, when irregular allele sizes were removed from the analysis, the number
of eSTRs rose to 2379. The percentage of variation in gene expression explained by
eSTRs ranged from 1 – 86% when controlling for population and allele-by-population
interaction effects at the 479 eSTRs initially identified. Further, 70.4% of these eSTRs
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are located in untranslated regions (UTRs). A Gene Ontology (GO) analysis revealed that
eSTRs are significantly enriched for GO terms associated with cis- and trans-regulatory
processes. These findings suggest that a substantial number of transcribed microsatellites
can influence gene expression levels. This result is consistent with the hypothesis that
these repetitive elements serve as engines of adaptation.
Introduction
The molecular basis of adaptation is of fundamental concern to evolutionary
geneticists. Adaptation can occur via selection acting on standing genetic variation, or by
that acting on novel mutations. While standing genetic variation might allow populations
to respond rapidly to novel selective pressures in the short-term, novel beneficial
mutations may arise at a finite rate. The relative contributions of these two processes has
been argued (Orr 2010). What has been particularly puzzling to many theorists is the
abundance of genetic variation in natural populations despite the perception that its loss
due to selection and drift should eliminate it. Ultimately, low levels of genetic variation
should serve as a form of evolutionary constraint. In spite of these factors that should
limit the availability of additive genetic variation, there is much evidence to suggest that
numerous traits can continue to respond to selection even after many generations of
intense directional selection (Dudley and Lambert 1992; Mackay 1995; Yoo et al. 1980).
These empirical results are consistent with the existence of mechanisms that continuously
generate additive genetic variation at rates commensurate with its loss through selection.
These observations led Barton (1990) to suggest the existence of an abundant
source of non-deleterious mutations that could affect quantitative traits. Kashi et al
52

(1997) further emphasized that to be considered advantageous mutators with significant
contributions toward rapid adaption, these mutations should be widely dispersed across
genomes, associated with functional regions as regulatory elements or function as
components of coding regions, and undergo high mutation rates leading to quantitative
effects on phenotypes. These suggested favorable features are consistent with those
observed in highly mutable microsatellites.
Microsatellites or simple tandem repeats (STRs) are genomic regions consisting
of short motifs 1- 6 bp in length tandemly repeated up to a few dozen times (Vogt 1990).
Microsatellites show high rates of mutation (10-2-10-6 / generation) (Ellegren 2004)
resulting from mechanisms that may include replication slippage (Tautz and Renz 1984).
Their mutation rates are estimated to be several orders of magnitude greater than that
observed in non-repetitive DNA (Jarne and Lagoda 1996; Li 1997). Despite their
apparent fit for the role of advantageous mutators, microsatellites have long been
perceived as neutrally evolving, non-functional regions, and have been used as the
“molecular marker of choice” in population genetics and forensics (Jarne and Lagoda
1996). This long-standing perception was questioned by the abundance of highly mutable
microsatellites in structural regions placing them in positions that could influence gene
function and gene products (Li et al. 2002; Li et al. 2004). Further, non-random
distribution of microsatellites in genomes has been reported in several organisms,
including fruit fly (Drosophila melanogaster) (Bachtrog et al. 1999), thale cress
(Arabidopsis thaliana), rice (Oryza sativa) (Lawson and Zhang 2006; Morgante et al.
2002), and common sunflower (Helianthus annuus L.) (Pramod et al. 2014).
Microsatellite variation in functional regions has been consequently linked to phenotypic
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variation. Notable examples include microsatellites linked to human neurodegenerative
diseases such as fragile X syndrome (Verkerk et al. 1991) and Huntington’s disease
(Andrew et al. 1993).
The claim that microsatellites can generate adaptive genetic variation is now
supported by a growing list of studies. Research has linked microsatellites to variation in
skeletal morphology in domesticated dogs (Fondon and Garner 2004), social behavior
changes in voles (Hammock and Young 2005) and some primates (Hopkins et al. 2012),
pathogenesis in bacteria (Moxon et al. 1994; Moxon et al. 2006), plasticity in adherence
to substrates in Saccharomyces cerevisae (Verstrepen et al. 2005), and thermal sensitivity
in Drosophila melanogaster (Costa et al. 1991) among others. However, little is known
about the mechanisms by which microsatellites can influence phenotypes. An intriguing
model proposed to explain the underlying mechanisms by which microsatellites may
influence phenotypes is the “tuning knob” model. This model likens microsatellites to
“tuning knobs” where stepwise changes in microsatellite allele lengths can have stepwise
effects on phenotypes, allowing organisms to adjust or fine tune their phenotypes
corresponding to environmental stresses (Kashi and King 2006; King et al. 1997;
Trifonov 2004). The model explains that these effects can be mediated either by
modulating gene expression or by facilitating structural changes in proteins.
Microsatellites located upstream of genes as well as those in 5’ untranslated
regions (UTRs) and introns might affect gene expression while those in 3’ UTRs are
more likely to influence transcript stability (Li et al. 2004). Microsatellites located in
coding regions are likely to generate structural changes in proteins, but may also play a
regulatory role as well (Gemayel et al. 2010; Li et al. 2004). The role of microsatellites in
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modulating gene expression has been supported empirically by introducing
microsatellites of different lengths to promoter regions of genes in Saccharomyces
cerevisiae (Lee and Maheshri 2012; Vinces et al. 2009) and in Tausch's goatgrass
(Aegilops tauschii) (Ryan et al. 2010). Experimentally introduced microsatellite tracts in
coding regions of genes have also been utilized to show their role in altering protein
structures in Arabidopsis thaliana (Golubov et al. 2010). It is apparent that many studies
have been focused on the effect of microsatellites on specific genes as opposed to
investigating the global role that microsatellites may play across genomes potentially
leading to adaptive evolution. Such large-scale genome level studies focusing on
potential phenotypic effects of multiple microsatellite loci across populations have been
few and sporadic (Fahima et al. 2002; Gymrek et al. 2015; Nevo et al. 2005). Here, we
attempt to test the relevance of the tuning knob model at the genome level using
transcribed sequences. Microsatellites located within transcribed regions are particularly
accessible in this regard given that RNA-Seq data can be used to both genotype
transcribed microsatellites, and allow for estimation of allele specific expression at
microsatellite-encoding transcripts.
In this study we use natural populations of the common sunflower (Helianthus
annuus L.) transecting a latitudinal cline from Kansas to Oklahoma. We chose sunflower
as a model system given their adaptability to diverse environmental conditions across
their broad geographical range in North America (Heiser et al. 1969). Particularly,
populations across latitudes demonstrate heritable clinal variation in a number of traits
including flowering time (Blackman et al. 2011) and seed oil content (Linder 2000).
These distinct patterns of variation in adaptive traits across latitudinal populations
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provide an opportunity to test the hypothesis that microsatellites generate some of the
adaptive genetic variation found within and among natural populations.
From a probabilistic viewpoint, it is reasonable to expect that transcribed
microsatellites, due to their proximity to functional regions, are likely to influence gene
expression as cis-regulatory elements. We utilized an RNA-Seq approach to assess the
degree to which allele lengths of transcribed microsatellites influence gene expression
across multiple transcripts to identify potential “tuning knobs.” We predicted that allele
lengths of transcribed microsatellites that function as “tuning knobs” are correlated with
gene expression levels.
Methods
Sample collection and common garden experiment
As previously described, seeds were collected from six natural populations of
common sunflowers from two latitudinal locations in Kansas and Oklahoma (Table A.3)
(Ranathunge et al. in press). Scarified seeds were germinated on moist filter paper in petri
dishes. Seedlings were transferred into 2.54 cm “cone-tainers” (Stuwe & Sons, Inc.,
Tangent, OR, USA) arranged in a randomized design and were kept in a greenhouse
under controlled conditions. At the age of four weeks, young leaf tissue samples from 96
individuals representing the 6 populations (16 individuals from each) were collected for
RNA isolation. Multiple populations were used from each latitude so that the relative
effect of the microsatellite allele length on gene expression can be compared to that of
other components of phenotypic variation such as variation in the environment and the
local genetic background.
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RNA-Seq and de novo transcriptome assembly
RNA was isolated from 20 mg of fresh leaf tissue with Maxwell 16 LEV
simplyRNA Tissue kits (Promega, WI, USA). Isolated RNA samples were sent to
HudsonAlpha Institute for Biotechnology (http://hudsonalpha.org) for high throughput
sequencing. The procedure for cDNA library preparation and RNA sequencing was
described in detail in Ranathunge et al. (in press). RNA sequencing was carried out with
Illumina HiSeq 2500 platform. High quality reads were obtained for 95 out of 96
individuals. The average number of reads per individual was 42.8 million. The total
number of reads per individual ranged from 27.6 – 88.1 million (Table A.4). RNA-Seq
produced 100 bp long paired end reads. The quality of the reads was assessed with Fast
QC software (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) using default
settings. Adapter sequences were removed from the reads by trimming 14 bp from each
end. Trimmed reads complying with the default quality standards of the FASTQC
software were used in the downstream processes. The sample that produced the highest
total number of reads (88.1 million) which indicated the best coverage was used to
construct a reference transcriptome. The reference transcriptome was built with the
software modules (Inchworm, Chrysalis, and Butterfly) of the Trinity program (Grabherr
et al. 2011). The reference transcriptome consisted of 58,431 contigs. FASTQ files with
raw reads obtained from the remaining 94 individuals were aligned to the reference
transcriptome with Bowtie2 (Langmead and Salzberg 2012). Bowtie2 produced contigs
were managed using SAMtools (Li et al. 2009). SAM tools produced BAM format files
which were then sorted and indexed to quantify gene expression. Gene expression was
quantified from reads aligned to the reference transcriptome. The reads for each contig
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were normalized by the library size of each individual, and gene expression was
estimated as read counts per 100 million reads.
Functional annotation
A standalone BLAST (Basic Local Alignment Search Tool) search (Altschul et al.
1997) was performed on the reference transcriptome against the Helianthus annuus
protein sequence database. First, protein sequence data for sunflower unigenes were
downloaded from the sunflower genome database at https://www.sunflowergenome.org/
and a database was created. Sequences from the reference transcriptome were used as the
query in the BLASTX search. An E-value cutoff of 0.0001, gap open penalty score of 11,
gap extension penalty score of one and minimum word size of three were used as
alignment parameters. BLOSUM62 was used as the matrix of choice. A best hit overhang
of 0.25 and maximum target sequence value of one were used to minimize the number of
hits for each query sequence. The results of the BLASTX search were output in tabular
format and the hits were further filtered based on bit score and e-value to retain the hit
with the highest bit score and lowest E-value for each query sequence.
Microsatellite genotyping
We searched the reference transcriptome for microsatellites with Tandem Repeat
Finder (Benson 1999) using relaxed settings. The match, mismatch, indel and alignment
scores were set at 2, 7, 7, and 50, respectively. The parsed output file from Tandem
Repeat Finder and BAM format files from the 95 individuals were used in RepeatSeq
(Highnam et al. 2013) for genotyping microsatellites. RepeatSeq uses a Bayesian
approach for making variant calls on reads generated with short-read sequencing
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technology. RepeatSeq’s default settings were used to genotype transcribed
microsatellites across all individuals. The output from RepeatSeq was initially used to
assess the motif size and type frequencies within the list of genotyped microsatellites.
Motif types were standardized with custom PERL scripts as per the motif matrix
mentioned in Kofler et al (2007). Output files from RepeatSeq were also used to extract
position of the microsatellite in the gene sequence.
The data generated from RepeatSeq were tagged for individual, major component
(avoiding splice variants), corresponding genotype from the reference, allele calls and the
repeat motif. Reads that failed to generate genotypes were removed from the downstream
processes. Raw expression estimates based on read counts were obtained for each allele
for each individual with data corresponding to the major component, allele genotype,
reference genotype, and motif. We noticed that RepeatSeq tends to erroneously call
certain genotypes as heterozygous by identifying underrepresented error reads as alleles.
To solve this issue, we identified a genotype as heterozygous only when the second most
represented allele was called at least 25% of the times as the dominant allele.
Effect of microsatellite allele length on gene expression
We examined the effect of microsatellite allele length on gene expression (logtransformed) by employing an analysis of covariance (ANCOVA) while controlling for
population and allele-by-population interaction effects. Linear, quadratic, and cubic
regression were all attempted because previous in-vivo experiments have identified nonlinear relationships between microsatellite allele length and gene expression (Vinces et al.
2009). A p-value of 0.05, and q-value cutoff of 0.05 that corrects for multiple
comparisons (Storey 2002), were used to identify microsatellites where allele length
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significantly correlates with gene expression (hereinafter referred to as eSTRs - a term
borrowed from Gymrek et al. (2015)). All statistical analyses were performed in R
version 3.3.3 (R Core Team 2017). To identify eSTRs, we first employed a conservative
approach by conducting ANCOVAs with unfiltered microsatellite allele lengths and
allele specific gene expression estimates. This first analysis included irregular allele sizes
inconsistent with the length of the repeat motif. We then removed these alleles from the
analyses and reran the ANCOVA to estimate the microsatellite allele length effect on
allele specific gene expression.
Further, information from the RepeatSeq output was used to calculate motif size
and type frequencies within eSTRs to assess whether microsatellites of specific motif size
and type classes are more likely to function as “tuning knobs.” We used the BLASTX
output for the reference transcriptome to extract best hits for the eSTR-containing
transcripts. Information on the reading frame, “query start” and “query end” positions
from the BLASTX output along with eSTR position data from the RepeatSeq output were
used to identify whether an eSTR was located within the 5’ UTR (Untranslated region),
coding region, or the 3’UTR. To test whether mechanisms underlying expansion and
contraction of eSTRs are likely to be different based on the location of eSTRs and/or
their respective motif sizes, we conducted Kruskal Wallis (KW) tests on eSTR tract
lengths. The KW tests statistically compared eSTR tract lengths among the three regions,
5’UTR, coding region and 3’UTR, and among eSTRs of different motif sizes.
Validation of gene expression estimates by Real Time PCR (qPCR)
We conducted qPCR analysis on seven eSTRs to validate RNA-Seq based gene
expression estimates. The isolated RNA samples from 48 of the individuals used in the
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RNA-Seq experiment were converted to cDNA with High Capacity cDNA Reverse
Transcription kit with RNase inhibitor (Applied Biosystems, Foster City, California,
USA). Sequence data were obtained for seven eSTR-containing transcripts from the
RNA-Seq data. TaqMan gene expression assays were designed for the seven selected loci
using Primer Express version 3.0 (Applied Biosystems, Foster City, California, USA)
(Table B.1). TaqMan assays for two constitutively expressed genes in sunflower, actin
and ubiquitin, were previously designed by Pramod et al. (2012). Protocols for generating
standard curves and validating RNA-Seq derived gene expression estimates are given in
Supplementary Note (Appendix B) and Table B.2.
Validation of RNA-Seq derived microsatellite genotypes with fragment analysis
Microsatellite genotypes obtained from RepeatSeq based on RNA –Seq data were
validated with traditional fragment analysis on eSTRs across the 95 individuals used in
the RNA-Seq experiment. DNA was isolated with Maxwell 16 tissue DNA purification
kit (Promega, WI, USA) from dried leaf tissue from the 95 plants and primers were
designed for three eSTR loci with Primer 3 development software (Untergasser et al.
2012). Forward primers were fluorescently labeled (Table 4.3). PCR was performed with
touchdown PCR conditions (Don et al. 1991) (Supplementary Note, Appendix B).
Fragment analysis was performed on ABI 3730 capillary sequencers (Applied
Biosystems, USA) at the Arizona State University DNA laboratory with LIZ-500 as the
size standard (GeneScan – 500 LIZ Size Standard – Applied Biosystems, USA).
Microsatellite genotypes were visually scored using Peak Scanner version 1.0 (Applied
Biosystems, USA).
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RepeatSeq’s genotype calling method only targets the microsatellite repeat
regions and, at times, the immediate flanking regions whereas fragment analysis derived
microsatellite allele lengths include more of the flanking sequences that are largely nonrepetitive. We altered the allele lengths obtained from fragment analysis by subtracting
the length of the non-repetitive portion of the amplicon and used this key to predict the
RepeatSeq genotypes for each microsatellite locus to assess the concordance between the
two types of data.
Gene Ontology (GO) enrichment analysis
Protein sequences corresponding to the best hits for the reference transcriptome
obtained from the BLASTX search were retrieved. The sequences were used to conduct a
Gene Ontology (GO) analysis with Blast2GO (Conesa et al. 2005) to identify GO terms
associated with all genes in the reference transcriptome. A BLAST search was conducted
against the Arabidopsis thaliana protein sequence database with the BLASTP option. An
E-value cutoff of 0.001, a minimum number of BLAST hits at 20, a HSP length cutoff of
33, and a word size of 3 were used as settings in the BLASTP search. The BLAST hits
were then mapped and annotated with default settings to identify GO terms under three
categories, namely, biological processes, molecular function, and cellular component. To
identify specific GO terms enriched within eSTR-containing transcripts, Fisher’s exact
test was performed with GO terms associated with all H. annuus genes in the reference
transcriptome as the background list and H.annuus gene IDs corresponding to eSTRcontaining transcripts as the test set. A False Discovery Rate (FDR) of 0.05 was used as
the significance threshold to identify overrepresented GO terms within the eSTRcontaining transcripts. General GO terms (parent terms) were removed to retrieve the
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most specific terms using “reduce to most specific” option in Blast2GO. The REVIGO
(Supek et al. 2011) tool was also used to reduce the enriched GO terms to the most
specific terms for visualization based on the uniqueness and dispensability scores
calculated by the program.
Results
Microsatellite search
Tandem Repeat Finder identified 19,104 potential microsatellites in the reference
transcriptome. We were able to genotype 3,325 microsatellites of these microsatellites in
2,640 transcripts consistently using RepeatSeq. A total of 685 (25.9%) transcripts
harbored more than one microsatellite tract. Hexanucleotides (38.89%) were identified as
the most abundant microsatellite motif length, followed by trinucleotides (29.17%)
(Figure B.1). A total of 355 standardized motif types were identified. Of the 355 different
motif types identified, the ACC repeat motif has the highest frequency (6.32%), followed
by ATC repeats (5.78%) (Figure B.2).
Microsatellites with significant allele length effect on gene expression (eSTRs)
When individuals with irregular allele sizes were included in the ANCOVA, 816
(24.5%) of the microsatellites scored showed a significant allele length effect on gene
expression (log transformed) (p < 0.05), controlling for population and allele-bypopulation interaction effects. After correcting for multiple comparisons (Storey 2002), a
total number of 479 (14.4% of the genotyped microsatellites) microsatellites in 449
unique transcripts were identified as eSTRs (Table B.3). The effect of allele length on
gene expression ranged from 1% - 86%. ANCOVA results for 237 microsatellites suggest
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a positive relationship between allele length and gene expression levels while 242
microsatellites exhibited a negative correlation between allele length and gene expression
(Figure 3.1). When the individuals with irregular allele sizes were removed from the
analysis, the number of eSTRs rose to 2379 (71.5% of the genotyped microsatellites)
after correcting for multiple comparisons (Storey 2002) and the effect of allele length on
gene expression ranged from 0.077 to 79.9% (Table B.4). While we acknowledge that the
first approach could have been conservative in identifying eSTRs, removal of all irregular
allele sizes from the analysis could have resulted in excessive manipulation of data as
demonstrated by the inflated estimates of correlation between allele length and gene
expression. Taking these concerns into consideration, we used the 479 eSTRs identified
with the first approach for downstream analyses.
We characterized the motif lengths associated with eSTR-containing transcripts in
addition to the location of the microsatellite relative to start and stop codons.
Hexanucleotides (40.1%) are the most abundant motif length within the group followed
by trinucleotides (31.5%) (Figure 3.2). A total of 169 different motifs (standardized) were
identified within 449 transcripts (0.38 motif/transcript). ACC (21.9%) was the most
abundant motif within eSTRs followed by AAG (17.2%) (Figure 3.2). eSTRs were most
abundant within 5’UTRs (42.1%) followed by coding regions (29.6%) and 3’UTRs
(28.3%) (Figure 3.3). The most abundant motif size present within 5’UTRs were
trinucleotides (34.55%) followed by hexanucleotides (30.30%) (Figure 3.3). Within
coding regions, hexanucleotides were the most abundant motif size (56.03%) followed by
trinucleotides (37.93%) while dinucleotides were absent in the region. Mononucleotides
(0.86%), tetranucleotides (1.92%), and pentanucleotides (0.96%) were also scarce within
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coding regions (Figure 3.3). Hexanucleotides were also the most abundant motif size
within 3’UTRs (38.74%) followed by trinucleotides (26.13%) (Figure 3.3). ACC was the
most abundant motif in all three regions; 5’UTR (8.48%), coding region (8.62%) and
3’UTR (8.11%). There was no significant difference in mean microsatellite tract lengths
among eSTRs located in 5’UTRs, coding regions and 3’UTRs (KW test, p = 0.45)
(Figure 3.4). No significant differences were detected in eSTR tract length among
different motif sizes (KW test, p = 0.07) (Figure 3.4).
Validation of gene expression estimates by Real Time PCR (qPCR)
All seven qPCR assays for eSTR-containing transcripts showed strong log-linear
relationships between CT values and cDNA concentrations. Coefficient of determination
estimates (R2) ranged from 0.97 – 0.98 and efficiencies (b) ranged from 0.71 to 0.9
(Table B.2). Regression analyses conducted with log C: R ratios for pairs of high copy
number and low copy number loci revealed strong correlation between loci for relative
concentrations estimated with qPCR and RNA-Seq data with R2 values ranging from 0.77
to 0.96 (Table B.5; Figure B.3).
Validation of RNA-Seq derived microsatellite genotypes with fragment analysis
The number of matches and mismatches in genotypes derived from fragment
analysis and RepeatSeq were counted to assess the concordance between the two methods
for each locus. Scoring was limited to 47, 77 and 92 individuals for the three loci,
comp47327, comp25013 and comp47993, respectively based on genotype data
availability for both methods. The results indicate that the three microsatellite loci
exhibited concordance between the two genotyping methods.
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The effect of microsatellite allele length on gene expression

Analysis of Covariance (ANCOVA) revealed different patterns of correlation between microsatellite allele length (bp) and gene
expression (counts/100 million reads). (A), (B) and (C) show positive, quadratic and negative correlation patterns observed
between allele length and gene expression in microsatellite loci located in contigs, comp26672, comp49389 and comp25013,
respectively

Figure 3.1

Figure 3.2

The distribution of microsatellite motif sizes and types in eSTRs

(A) Number of mono-, di-, tri-, tetra-, penta- and hexanucleotides identified within
eSTRs. (B) The top nine microsatellite motif types and their counts within eSTRs.
The three loci, comp47327, comp25013 and comp47993 showed 71%, 79% and
85% matches and 13%, 14% and 7% mismatches, respectively. The missing data
percentages for the three loci were 16%, 7% and 8%, respectively. The mismatch and
missing data percentages estimated for the three loci may represent errors arising from
both RNA-Seq and fragment analysis methods during variant calling.
Functional annotation and Gene Ontology (GO) enrichment analysis
The BLASTX search against the H. annuus protein database identified unique hits
for 17,985 contigs in the reference transcriptome. Of the 449 eSTR-containing
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transcripts, 371 had blast hits that passed the significance threshold. In comparison to GO
terms associated with the annotated 17,985 genes in the reference transcriptome, eSTRcontaining transcripts were significantly enriched for 57 GO terms (Table B.6). The
simplified enriched GO term list included eight specific GO terms (Table 3.1; Figure
3.5). They were classified under biological process (4), molecular function (2) and
cellular component (2). The most enriched GO term within eSTR-containing transcripts
was associated with regulation of transcription (GO:0006355) in the biological process
category (Table 3.1; Figure 3.5).

Figure 3.3

The distribution of eSTRs located within the three regions; 5’UTR, coding
and 3’UTR

(A) Pie chart represents the percentage of eSTRs located within the three regions; 5’UTR,
coding and 3’UTR. (B) The counts of different eSTR motif sizes identified within each
region.
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Figure 3.4

The variation in eSTR tract lengths

(A) The variation in eSTR tract length by region. (B) The variation in eSTR tract length
by motif size
Within the molecular function category, the GO term represented by most
sequences in our list was transcription factor activity (GO:0003700) while the GO term,
spliceosomal complex (GO:005681) was the most overrepresented within the cellular
component category.
Discussion
Here we tested specific predictions of the tuning knob model that proposes
stepwise effects of microsatellite allele length on phenotypes. This study focused on
transcribed microsatellites because both genotypic and phenotypic variation at the level
of gene expression can be assessed using RNA-Seq data.
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Table 3.1

Gene Ontology (GO) terms enriched within eSTR- containing transcripts in
Helianthus annuus (reduced to most specific terms)

FDR

regulation of
transcription, DNAtemplated
transcription factor
activity, sequencespecific DNA binding
DNA binding

BP

6.93E-05

MF

0.01169

5.86E-05

10.47

5.12

MF

0.024173

0.000129

15.12

8.84

spliceosomal complex

CC

0.025453

0.000145

2.33

0.41

mRNA splicing, via
spliceosome
positive regulation of
transferase activity
negative regulation of
cellular
macromolecule
biosynthetic process
spliceosomal trisnRNP complex

BP

0.027348

0.000158

2.62

0.53

BP

0.034644

0.000204

1.45

0.14

BP

0.035718

0.000215

6.69

2.85

CC

0.037228

0.000232

1.16

0.07

GO Name

GO:
0006355
GO:
0003700
GO:
0003677
GO:
0005681
GO:
0000398
GO:
0051347
GO:
2000113
GO:
0097526

% in
% in
test
background
set
set
1.06E-07 17.73
8.66

GO
Category

GO ID

P - Value

BP = Biological process, MF = Molecular function, CC = Cellular component
We used Helianthus annuus, common sunflower, seed collected from two
latitudes to infer the scope of this proposed mechanism for rapid evolutionary change in
natural populations. The seeds were germinated, and plants were grown in a common
garden experiment to minimize environmental variation. Further, we employed an
experimental design that included replicates from each of the two latitudes which allowed
us to estimate the relative effects of the microsatellite allele length on gene expression
given the effects of other components such as local genetic background and
environmental variation within latitudes on phenotypic variation. Using the RNA-Seq
data, we were able to both estimate gene expression levels and consistently genotype
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microsatellites in 2,640 transcripts containing 3325 microsatellites. Motif type and length
searches across the 3325 microsatellites showed frequency estimates consistent with
similar surveys conducted on eukaryotic genomes (Qin et al. 2015; Tóth et al. 2000)
including those conducted on the Helianthus annuus transcriptome with the use of an
EST database (Pramod et al. 2014). These results demonstrate that the microsatellites
used to test the predictions of the tuning knob hypothesis substantially represent the
composition of microsatellites in eukaryotic genomes.
Our findings from the ANCOVAs provide support for the tuning knob model at a
large number of microsatellite encoding transcripts. Of the loci scored for both gene
expression level and microsatellite genotypes, 479 microsatellite loci (14.4%) (eSTRs)
showed significant allele length effect on gene expression. It is important to note that this
first analysis was conducted without filtering out irregular allele sizes. When irregular
alleles were removed from the analysis, the number of eSTRs rose to 2379 (71.5%). The
irregular allele sizes observed in some individuals could likely represent imperfect
microsatellites resulting from substitutions and indels within the microsatellite tract, or
sequencing artefacts. Typically, imperfect microsatellites have been noted for lower
mutation rates and higher stability in comparison to perfect microsatellites (Kunkel and
Soni, 1988). Sequence interruptions have been previously reported in microsatellites
linked to trinucleotide-repeat disorders (Chung et al., 1993; Eichler et al., 1994; Kunst et
al., 1997). Based on these findings, it is reasonable to expect that mechanisms underlying
functional microsatellites are likely to be affected by the level of stability attributed to
these repeat tracts. Perhaps irregularities in microsatellites can hinder the cis-regulatory
activity of these genetic elements
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Gene Ontology (GO) terms enriched within eSTRs

C

GO enrichment analysis of eSTRs was conducted against a background of all expressed genes. The enriched terms were visualized
using REVIGO. (A). Reduced GO terms related to biological processes. (B) Reduced GO terms associated with cellular
components. (C) Reduced GO terms associated with molecular functions. The circle size represents the frequency of the GO term
and the color represents the log10 P-value based on the Fisher’s exact test for enrichment.

Figure 3.5

A

B

Downstream analyses were limited to the 479 eSTRs identified with the more
conservative of the two approaches. The 479 eSTRs showed on average, 1% – 86% allele
length effect on gene expression when accounted for population and allele-by-population
interaction effects. The majority of the eSTRs identified in our study showed a linear
relationship between microsatellite allele length and gene expression. Previous studies
have also demonstrated positive and negative linear relationships between microsatellite
length and gene expression (Contente et al. 2002; Gymrek et al. 2015; Shimajiri et al.
1999). We also tested whether our data fit a quadratic model as previous experimental
studies have demonstrated similar patterns of correlation between experimentally
constructed promoter microsatellite lengths and gene expression in yeast (Vinces et al.
2009). Based on the significance threshold we set when conducting the ANCOVA, 171
eSTRs showed support for a quadratic relationship between microsatellite allele length
and gene expression. However, when we examined the data for those loci, most of these
trends were identified as artifacts of rare allele lengths represented in the data set. These
findings suggest that the relationship between gene expression and extant alleles in
natural populations of sunflower can typically be modeled as linear relationships.
The position of the microsatellite tract within genes may also provide insights
regarding potential mechanisms by which microsatellites modulate gene expression. To
better understand these different mechanisms, we examined the likely locations for the
eSTRs within H. annuus genes. Our results suggest that most eSTRs (42.1%) are located
in 5’UTRs. Combined, microsatellites in 5’ and 3’UTRs accounted for 70.4% of the
eSTRs. Several experimental studies have demonstrated that some microsatellites in
5’UTRs are vital for the expression of the gene (Kumar and Bhatia 2016; Streelman and
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Kocher 2002; Toutenhoofd et al. 1998). Some of the proposed mechanisms by which
5’UTR microsatellites may function as cis-regulatory elements involve serving as
transcription factor binding sites (Kumar and Bhatia 2016). Microsatellites in coding
regions may also play a role in gene expression regulation. In our study, 29.6% of the
eSTRs were located in coding regions. Variation in coding region microsatellites is
linked to changes in the structure of proteins including transcription factors as
documented in several studies (Fondon and Garner 2004; Gemayel et al. 2015; Lee et al.
2003). However, the mechanisms by which they may function as cis-regulatory elements
directly influencing gene expression levels are not entirely clear. Some triplet repeats
including those in coding regions are proposed to affect nucleosome binding thereby
affecting transcription rates (Sandman and Reeve 1999; Wang 2007). Coding region
eSTRs identified in this study are well represented with triplet repeats that could
potentially function in the same manner. The substantial percentage of coding region
eSTRs identified in this study may also indicate previously unreported mechanisms by
which they may function as cis-regulatory elements. Microsatellites in 3’UTRs are
assumed to influence transcript stability via AU rich repeats that influence mRNA decay
(Mignone et al. 2002). Mononucleotides in 3’UTRs have been proposed to play a role in
regulating gene expression in number of cancer-related genes (Paun et al. 2009; Ziqiang
et al. 2009). Rattenbacher et al. (2010) reported that GU rich elements in 3’UTRs can
cause mRNA decay. Collectively, these proposed mechanisms may explain how specific
eSTRs in 3’UTRs identified in this study may influence gene expression levels.
Tract length comparisons among eSTRs from the three regions did not indicate
any significant difference suggesting that eSTRs may expand or contract under similar
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selective pressures irrespective of the region they are located. This finding runs contrary
to previous studies that report significant tract length differences in general among
microsatellites located in different regions. Pramod et al. (2014) examining the sunflower
EST database, reported that microsatellites in coding regions were significantly shorter
than those found in UTRs suggesting greater lability in UTR microsatellites.
We predicted that eSTRs are more likely to be found within genes that are
constantly in need of “tuning” to respond to changes in the environment. Previous studies
on bacterial species reported evidence in line with this prediction. Microsatellites were
linked to the activity of some hypervariable regions regulating virulence at the interface
of host pathogen interactions. These loci were fittingly named “contingency loci”
(Moxon et al. 1994; Moxon et al, 2006). To test whether eSTRs are found in genes that
are likely to show higher levels of evolutionary lability more so than others, we searched
for specific GO terms enriched within eSTR-containing transcripts. The enrichment of
GO terms linked to “regulation of transcription” (GO:0006355), “transcription factor
activity” (GO:0003700), “DNA-binding” (GO:0003677), and “positive regulation of
transferase activity” (GO:0051347) provide strong support for both cis- and transregulatory roles for eSTRs. Enriched GO terms such as, “spliceosomal complex”
(GO:0005681), “mRNA splicing, via spliceosome” (GO:0000398), and “spliceosomal trisnRNP complex” (GO:0097526) hint at specific mechanisms in which the involvement of
eSTRs may be crucial (Table 3.1; Figure 3.5). Other more general GO terms identified as
enriched within the eSTR-containing transcripts (Table B.6) also indicate specific genes
where environment tracking and “tuning” may be desired.
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Our study identified 479 transcribed microsatellites that can potentially serve as
“tuning knobs” in common sunflower. Given that our study was limited to populations
across a narrow latitudinal range, the number of microsatellites that show a significant
effect on gene expression is noteworthy. Based on these findings, we envision that the
number of microsatellites that could potentially alter phenotypes may be more than we
could discover given the limited number of microsatellites investigated in this study.
Further, the results presented in this study consistent with the proposed functionality of
microsatellites indicate the potential to predict a range of phenotypes based on specific
microsatellite genotypes. This study provides strong evidence to suggest that
microsatellites can rapidly generate heritable genetic variation which improves our
understanding of mechanisms that can influence rapid adaptation via mutation at rates far
greater than theoretically anticipated.
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CHAPTER IV
TRANSCRIBED MICROSATELLITES AS TARGETS OF SELECTION IN
LATITUDINAL POPULATIONS OF
COMMON SUNFLOWER
Abstract
Microsatellites have long been considered non-functional, neutrally evolving
regions of the genome. Contrary to this perception, research now implies that
microsatellites have the potential to function as drivers of rapid adaptive evolution by
altering phenotypes in a stepwise fashion. In a previous study, we identified 479
transcribed microsatellites that significantly contribute to gene expression variation
(eSTRs) in latitudinal populations of common sunflower (Helianthus annuus L.). In this
study, we proceeded to test whether these transcribed microsatellites that have shown
evidence for functionality are under selection with a population genetic approach. We
compared genotypic variation at 13 eSTRs among and within populations with that at 19
anonymous microsatellites in 672 individuals from 17 natural populations of sunflower.
These populations are spread along a cline running from Saskatchewan to Oklahoma.
Expected heterozygosity, allelic richness and allelic diversity were significantly lower at
eSTRs compared to anonymous microsatellites. eSTRs showed significantly high mean
FST values compared to anonymous microsatellites. lnRV and lnRH based analyses
conducted for each population pair for the two types of loci indicated significantly high
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number of outliers in eSTRs compared to anonymous microsatellites. Population
structure analyses revealed that the number of best supported clusters at the two types of
loci was distinct and greater genetic isolation was observed at the eSTRs. When
population mean allele length was regressed against latitude, significant correlations were
detected at four eSTRs suggesting that shorter or longer alleles at these loci may be
favored in extreme environments. Collectively, results from the comparative population
genetic analyses are consistent with eSTRs playing a role in facilitating local adaptation.
Introduction
Microsatellites or short tandem repeats (STRs) are ubiquitous repetitive elements
in prokaryotic and eukaryotic genomes. They consist of tandemly repeated 1 – 6 bp long
nucleotide motifs. Microsatellites are known for their elevated mutation rates that are
orders of magnitude greater than that of point mutations (Bhargava and Fuentes 2010).
One of the mechanisms proposed to explain the high rates of mutation at microsatellites
involve replication slippage (Tautz and Renz 1984). Microsatellites have long been used
as the molecular marker of choice in population genetics and forensic analysis (Jarne and
Lagoda 1996; Oliveira et al. 2006). One of the major assumptions that provide the basis
for the use of microsatellites as molecular markers is that they evolve in a neutral fashion.
However, a growing body of research now implies that microsatellites can be functional.
Of particular importance in this regard are microsatellites located within or close to genic
regions where changes in length of microsatellites are likely to influence changes in gene
expression or protein structure (Li et al. 2004; Gemayel et al. 2010). It has been further
proposed that microsatellites can function as “tuning knobs” where stepwise changes in
microsatellites can result in stepwise changes in phenotypes (Kashi et al. 1997; King et
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al. 1997; Trifonov 2004). Initial evidence for a potential functional role for
microsatellites comes from research that linked microsatellite variation to human diseases
such as Huntington’s disease (Andrew et al. 1993), Fragile X syndrome (Kremer et al.
1991), and Frederic’s ataxia (Dürr et al. 1996). Microsatellites have also been implied to
play a potential adaptive role (Fondon and Garner 2004; Hammock and Young 2005)
based on the concept that high mutability associated with these regions should provide a
reservoir of genetic variation on which selection can act upon when needed. These
previous findings question the legitimacy of labeling all microsatellites as non-functional,
neutrally evolving genomic regions.
Empirical studies have used microsatellite markers to detect selective sweeps
suggesting that signatures of selection detected at microsatellites merely indicate their
physical proximity to targets of selection (Schlötterer 2002; Rockman et al. 2005;
Schlötterer and Dieringer 2005; Gross et al. 2007; Kane and Rieseberg 2007, 2008). Only
a few attempts have been made to explore the possibility that microsatellites themselves
may be targets of natural selection (Haasl and Payseur 2013; Haasl et al. 2014). However,
it is important to note that evidence for selection based on population genetic studies
alone may not necessarily indicate the adaptive potential of a particular locus. In this
regard, Storz and Wheat (2010) drew attention to the importance of integrating functional
approaches with population genetic analyses to reach conclusive inferences about
adaptation at specific loci. These types of integrative approaches may follow two distinct
patterns; population genetic tests may be influenced by direct evidence of functional
variation or evidence for selection provided by population genetic analyses may prompt
functional experiments (Storz and Wheat 2010). Here we followed the first approach to
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identify transcribed microsatellites that may play a potential role in local adaptation of
common sunflower (Helianthus annuus L.). In Chapter III, using an RNA-Seq approach,
we identified transcribed microsatellites that significantly influence phenotypic changes
at the level of gene expression in common sunflower. In this study, we proceed to test
whether those transcribed microsatellites that showed significant influence on gene
expression are under selection by employing population genetic analyses.
Common sunflower (Helianthus annuus L.) is widely distributed across North
America (Heiser et al. 1969). Natural populations of this species are known to exhibit
adaptations to a diverse range of habitats. Natural populations of common sunflower
transecting latitudes in particular are known for pronounced variation in flowering time
(Blackman et al. 2011), seed oil content (Linder 2000), and plant height (McAssey et al.
2016). In an attempt to unravel the potentially adaptive role that transcribed
microsatellites may play in this heritable genetic variation, we previously conducted a
common garden experiment with six populations of common sunflower from two
different latitudes in Kansas and Oklahoma. A total of 95 individuals grown in the
common garden were used to conduct an RNA-Seq experiment. We identified a total
number of 479 transcribed microsatellites that showed significant effects on gene
expression and when allele length pertaining to irregular motif lengths were filtered out,
the total number rose to 2379 microsatellites, the majority of microsatellite loci that could
be consistently genotyped. To determine whether these effects of transcribed
microsatellites are under selection, we use a population genetic approach by inferring the
strength of selection acting on migrant alleles at transcribed microsatellites relative to that
acting on anonymous microsatellites that are presumed to evolve in a neutral fashion.
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In the current study we studied 13 transcribed microsatellites that have shown
strong evidence for significant allele length effect on gene expression in Kansas and
Oklahoma. We compared genetic variability at these 13 transcribed microsatellites to that
at 19 anonymous microsatellites across 17 natural populations beyond our focal range
along the same latitudinal transect. The inclusion of populations beyond the focal
populations also allowed us to test the hypothesis that shorter or longer allele lengths at
transcribed microsatellites may be favored in more extreme environments. The
anonymous microsatellites used in this study were previously characterized by Tang et al.
(2002) and Yu et al. (2002). We made comparisons between the two types of
microsatellite loci on genetic diversity and allele frequency based estimates. We
predicted that transcribed microsatellites are likely to show higher than average FST
values based on the assumption that they are under strong directional selection. We
further compared the 13 transcribed microsatellites to the 19 anonymous microsatellites
based on their ability to infer population structure. We predicted that the differences in
the selective pressures acting on the two types of loci influence their ability to assign
individuals to population clusters. To identify microsatellite loci that may contribute to
local adaptation, we employed two test statistics designed for identifying microsatellite
loci that have undergone recent selective sweeps, lnRV and lnRH. When used together,
these statistics present a robust approach to detect recent selective sweeps irrespective of
locus-specific mutation rates (Schlötterer 2002; Schlötterer and Dieringer 2005). We
present here an assessment on the selective pressures acting on transcribed microsatellites
that have shown evidence for functionality and demonstrate that gene expression variance
influenced by transcribed microsatellites may contribute to local adaptation.
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Materials and methods
Plant material
For this study we selected natural populations of common sunflower that are
likely to be locally adapted to their local environments. Populations across this particular
latitudinal cline have demonstrated continuous variation in certain traits such as
flowering time (Blackman et al. 2011), seed oil content (Linder 2000), and plant height
(McAssey et al. 2016). Seeds from 17 natural populations of common sunflower
transecting the latitudinal cline from Saskatchewan to Oklahoma were collected and
grown in common gardens (Table 4.1). Populations, KS1, KS2, LC, OK1, OK2, and OK3
were grown at Mississippi State University (Chapter II), IA1, IA2, MO1, SD1, SD2,
SK1, and ND2 at University of British Columbia, and NE2, MT1, ND1, and NE1 at
University of Georgia (McAssey et al. 2016). DNA was isolated from silica-dried leaf
tissue with Maxwell 16 tissue DNA purification kit (Promega, WI, USA), Qiagen
DNeasy Plant Mini Kit (Valencia, CA), or the CTAB protocol (Murray and Thompson
1980).
Transcribed and anonymous microsatellite loci
An RNA-Seq experiment conducted on natural populations of sunflower from two
latitudinal locations in Kansas and Oklahoma grown in a common garden identified
transcribed microsatellites that showed a significant allele length effect on gene
expression (hereafter termed eSTRs) (Chapter III). We predicted that transcribed
microsatellites with significant allele length effects on gene expression are likely under
strong selective pressures compared to those that are assumed to evolve neutrally and are
found predominantly in non-functional regions of the genome.
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Table 4.1

List of populations used in this study and their geographical locations
Population
SK1
MT1
ND1
ND2
SD1
SD2
IA1
IA2
NE2
NE1
MO1
LC
KS1
KS2
OK1
OK2
OK3

Figure 4.1

Latitude
49.23
46.60
46.88
47.65
44.50
43.08
42.23
41.12
41.42
41.10
40.08
39.38
39.46
39.75
35.10
35.09
35.39

Longitude
-103.12
-108.53
-102.79
-101.75
-99.44
-96.70
-96.15
-95.83
-104.10
-97.67
-94.87
-94.80
-95.37
-95.73
-97.20
-97.33
-97.37

Sample size
35
20
20
42
52
48
36
40
20
20
51
48
49
48
49
46
48

Geographical locations of the natural populations of Helianthus annuus L.
used in this study
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A total number of 13 eSTRs identified in Chapter III were selected for this study
(Table 4.2) to assess the strength of selection acting on transcribed microsatellites relative
to that on anonymous microsatellites that are assumed to evolve neutrally. Microsatellite
motif information and the putative functions of the 13 eSTR-containing genes identified
by a BLASTX against Helianthus annuus protein sequence database (Chapter III) are
given in Table 4.2. The anonymous microsatellite loci used in this study have been
previously identified by Tang et al. (2002) and Yu et al. (2002).
Table 4.2

Microsatellite repeat motif, location of the microsatellite within the gene
and the putative functions of the eSTR-containing genes used in the study

eSTRcontaining gene
comp47993
comp43727
comp25013
comp47327
comp47056
comp36587
comp50288
comp41936
comp45709
comp50462
comp26672
comp45165
comp25591

Putative function
Dual specificity protein phosphatase
DSP8
Pentatricopeptide repeat (PPR)
superfamily protein
ATP-dependent Clp protease
proteolytic subunit 5, chloroplastic-like
Katanin p60 ATPase-containing
subunit A1-like
Probable ADP-ribosylation factor
GTPase-activating protein AGD14
isoform X1
Uncharacterized protein
Receptor protein kinase-like protein
ZAR1
ATP synthase delta chain,
chloroplastic-like
Cytochrome P450 86A22-like
Probable pre-mRNA-splicing factor
ATP-dependent RNA helicase DEAH5
Protein CHUP1, chloroplastic-like
Probable zinc metalloprotease EGY1,
chloroplastic
Putative LSM domain-containing
protein
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Microsatellite Region
motif
TTCAA
5'UTR
TTG

coding

GACGGT

5'UTR

A

3'UTR

ATCA

5'UTR

GGTGAT
CA

5'UTR
5'UTR

ACCGCC

5'UTR

GTGTTT
CGATCC

5'UTR
5'UTR

CCTTCT
ATA

coding
coding

AC

5'UTR

PCR and genotyping
Primers for the 13 eSTRs were designed with Primer 3 development software
(Untergasser et al. 2012) (Table 4.3). Forward primers were either labeled with 6FAM,
NED, PET, or VIC fluorescent dyes (Schuelke 2000) or M13 extension
(CACGACGTTGTAAAACGAC) was added (Table 4.3). PCR was performed in 10 µL
volumes with ~10 ng of DNA, 2 mM MgCl2, 30 mM tricine (pH 8.4) –KOH, 50mM KCl,
100 µM of each dNTP, 200 – 300 nM of reverse primer, 150 – 300 nM of forward
primer, 200 nM of M13 forward primer, and 0.4 U of Taq DNA polymerase. Touchdown
– PCR protocols developed to reduce nonspecific primer binding and fragment
amplification were used (Don et al. 1991). The touchdown – PCR profiles included an
initial denaturation step at 94 0C for 5 min followed by 10 touchdown cycles at 94 0C for
30 s, appropriate annealing temperature (touchdown annealing temperature = annealing
temperature of the primer + 10 0C) for 30 s, and another 30 s at 72 0C. The annealing
temperature decreases by 1 0C in each successive touchdown cycle. The thermal cycle
profiles for the remaining 25 cycles included 30 s at 94 0C, 45 s at the appropriate
annealing temperature for each primer (Table 4.3), 30 s at 72 0C, and a final elongation
step of 7 min at 72 0C. Fragment analysis performed on ABI 3730 capillary sequencers
(Applied Biosystems) at the Arizona State University DNA laboratory.
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Table 4.3

List of primers designed for the 13 eSTRs used in this study

Primer
Sequence
comp47327_F
5’6FAMTGGATCCGCATAGGAAAAAC3’
comp47327_R
5’GCCACCTTCTCAGCGTAAAC3’
comp25013_F
5’NEDGTGAAAGTTGGGTTCGGAAA3
comp25013_R
5’CTCACCTACTCCGTCGCACT3’
comp47993_F
5’PETCTAGGGTTCGCTCACTTTGC3’
comp47993_R
5’CAAGCCCTGAATTTCACGAT3’
comp43727_F
5’6FAMTGGTGGTGGTGGATGTATTG3’
comp43727_R
5’CCCGTTTCTCAAATCCAATC3’
comp47056_F
5’NEDAGCACCATTTGTTGTCGTTG3’
comp47056_R
5’GGGGGAAGCTTCATTAAACC3’
comp36587_F
5’ATAGGATTGGAGCGAACGGC3’
comp36587_R
5’CGACGGTTGAGTAGACACCG3’
comp50288_F
5’TCCCTCCTTCCTTCCTTCCC3’
comp50288_R
5’GCGATGAGCTTTTCTTCAGGG3’
comp41936_F
5’AACCAACTTCTTAACCGTCCA3’
comp41936_R
5’CCGTTGTTGTTGCTGTTGCC3’
comp45709_F
5’ATCTGTCTGTCTTCCCACCA3’
comp45709_R
5’GCTTAACGAGCGTGTGATTGA3’
comp50462_F
5’ATGATACAATTCCGGCTCGT3’
comp50462_R
5’CGACCGAAGAAGAGGAGATG3’
comp26672_F
5’CCCATGATCTCGAGAGGAAA3’
comp26672_R
5’CCCACTGGACTTGAAGGAAG3’
comp45165_F
5’TCACAGACCGTTTTCGACTG3’
comp45165_R
5’TCACCATCACGTCCACTAGC3’
comp25591_F
5’ATTTCGTTTACGGAGCAAGG3’
comp25591_R
5’ACGGAAGAAGCTGTGAAGGA3’
Tm = Annealing temperature, F = Forward, R = Reverse

Tm (C0)
57.5
57
57
58
58
58
57
58
57
56
56
56
56

LIZ 500 (GeneScan – 500 LIZ Size Standard – Applied Biosystems) was used as the size
standard. Genotypes were visually scored using Peak Scanner version 1.0 and
GeneMarker V2.6.7 (SoftGenetics, USA).
Genetic diversity and population structure
Genetic diversity at the 13 eSTR and 19 anonymous microsatellite loci were
measured by estimating observed (Ho) and expected heterozygosity (He) values according
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to Nei (1978) with Arlequin 3.5.1.3 (Excoffier and Lischer 2010). Pairwise FST (Weir and
Cockerham 1984) were estimated for each microsatellite locus with Arlequin 3.5.1.3
(Excoffier and Lischer 2010). Number of alleles per locus (A) and mean number of
alleles per locus (allelic diversity, AD) for each eSTR and anonymous microsatellite
locus were measured with GenAlEx v. 6.503 (Peakall and Smouse 2012). We conducted
Wilcoxon rank sum tests to compare He, FST, A and AD values between the two types of
loci. Mantel tests were used to assess whether correlation between geographic and
genetic distance matrices at the two types of loci was significant (Mantel 1967). Genetic
distance matrices were computed using Slatkin’s pairwise FST estimates (Slatkin 1987)
obtained from Arlequin (Excoffier and Lischer 2010). Mantel tests for the two types of
loci were performed between pairwise linearized genetic distance and log transformed
geographic distance matrices with the program IBD (Isolation by Distance) (Bohonak
2002).
To test the hypothesis that the number of distinct populations identified within the
data set by the two types of loci could be different due to differences in the evolutionary
processes shaping them, we conducted a Bayesian-based individual assessment test with
the program STRUCTURE v. 2.3.4 (Pritchard et al. 2000) for the two types of loci
separately. The program attempts to assign individuals to K number of distinct
populations based on the posterior probability that a set of genotypes were sampled from
a model allelic distribution. The model used in the program simulated an admixture of
individual ancestry with correlated allele frequencies. No prior information on
populations was included in the model. We set the length of the burn-in to 200,000 and a
total of 800,000 MCMC (Markov Chain Monte Carlo) iterations were calculated. A total
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number of 20 iterations were conducted for each value of K (from 2 to 20). Based on the
posterior probability values calculated for each value of K, we estimated the most likely
number of clusters that best explains the partitioning of genetic variation at the two types
of loci using the “Evanno” method (Evanno et al. 2005) implemented by the program
Structure Harvester (Earl and vonHoldt 2012).
Loci under selection
To identify microsatellite loci under selection, we first used a hierarchicalBayesian method designed by Beaumont and Balding (2004) with the program
BayesFST. It is assumed that loci under directional or balancing selection should exhibit
different magnitudes of population differentiation (FST) relative to that observed at
neutrally evolving loci. The hierarchical model implemented for FST at the ith locus in the
jth population by the program is as follows,
log (FSTij/(1− FSTij))= αi + βj + γij

(4.1)

where αi, βj, and γij represent locus, population, and locus by population effects,
respectively. Outliers are detected on the basis of locus effects where neutrally evolving
loci are expected to have locus effects equal to zero with loci under directional and
balancing selection having positive and negative values, respectively. A posterior
probability distribution of locus effects is used to identify statistically significant outliers
(Beaumont and Balding 2004). The R based functions provided with the BayesFST
software were used to summarize and visualize the outlier loci.
A second test for evidence of selection was conducted on the two types of loci
lnRV and lnRH test statistics. lnRV based on the variance in number of repeats (Harr et
al. 2002; Schlötterer 2002), and lnRH based on expected heterozygosity (Schlötterer and
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Dieringer 2005) are two powerful test statistics used to identify loci that have undergone
strong selection. Variance in the number of repeats (V) or heterozygosity (H) at a
microsatellite locus in a given population can be considered a function of effective
population size (NE) and microsatellite mutation rate (μ) and estimating ratios of
variances in repeat numbers and heterozygosity removes locus-specific effects which
makes lnRV and lnRH measures of variation in NE. The test statistics, lnRV and lnRH
can be calculated as follows,
ln RV = ln [(VPop1)/ (VPop2)]

(4.2)

ln RH = ln [(((1/(1-HPop1 ))2 -1)/(((1/(1-HPop2) )2-1) ]

(4.3)

Under neutrality, values for both statistics are considered to follow a normal
distribution pattern with values falling outside of -1.96 to 1.96 interval corresponding to
outliers caused by selection (p < 0.05). When both statistics are used together, the number
of false positives (type I error) is considered to lower by a factor of three (Schlötterer and
Dieringer 2005).
To calculate lnRV and lnRH statistics, we first estimated variance in the number
of repeats (V) and expected heterozygosity (H) for each locus at each population with
Microsatellite analyzer (Dieringer and Schlötterer 2003). All possible pairwise estimates
for lnRV and lnRH were calculated for population pairs (136 comparisons) with the
formulae given above. If a population was monomorphic for a certain locus, we added a
single allele that differed in one repeat unit to avoid heterozygosity being calculated as
zero. This approach has been suggested by Schlötterer and Dieringer (2005) and has been
widely used (Vasemägi et al. 2005; Coscia et al. 2012). The calculated lnRV and lnRH
values were standardized by the mean and standard deviation as explained by Kauer et al.
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(2003). We conducted Chi-squared tests to assess whether eSTRs produced significantly
higher numbers of outliers for lnRV and lnRH compared to anonymous microsatellite
loci that would indicate strong evidence for selection acting on eSTRs.
Latitudinal variation in microsatellite allele length
The transcribed loci (eSTRs) used in this study have previously been noted for
significant allele length effects on gene expression across a narrow latitudinal range
between Kansas (KS) and Oklahoma (OK) (Chapter III). Based on these previous
findings we predicted that a significant portion of the variation in allele length at the
eSTRs could be explained in relation to environmental conditions associated with
latitudes. Consequently, this would cause longer or shorter alleles to be favored in
populations located beyond the focal populations sampled in our previous study (Chapter
III). To test these predictions, we conducted linear regression analyses with population
mean microsatellite allele length at a locus as the response variable and the latitudinal
location of the populations as the continuous predictor variable. The proportion of allele
length variation explained by latitude was assessed by means of ANOVA using R
statistical software (R Core Team, 2017).
Results
Comparison of genetic diversity measures in eSTR and anonymous microsatellite
loci
We tested the strength of selection acting on 13 eSTRs chosen for their role in
influencing gene expression as explained in Chapter III. The 13 eSTRs used in this study
consisted of one mononucleotide, two dinucleotide, two trinucleotide, one
tetranucleotide, one pentanucleotide, and six hexanucleotide repeats (Table 4.2). The
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putative functions associated with the 13 eSTR-containing genes indicated their potential
role in local adaptation of H. annuus (Table 4.2). To assess the selective pressures acting
on the eSTRs, we compared and contrasted genetic diversity estimates obtained for the 13
eSTRs with that observed at the 19 anonymous microsatellite loci used in this study.
Observed heterozygosity (Ho) at the eSTRs ranged from 0.308 to 0.89. Ho at the
anonymous microsatellite loci ranged between 0.746 and 0.93 (Table 4.4). Expected
heterozygosity (He) ranged from 0.26 to 0.794 across the 13 eSTRs and from 0.707 to
0.888 across the 19 anonymous microsatellite loci (Table 4.4). The mean He estimates
were 0.672 and 0.808 at the eSTRs and the anonymous microsatellite loci, respectively.
Loci comp36587 and comp47327 showed the lowest and the highest He among the
eSTRs, respectively (Table 4.4). He at the eSTRs were significantly lower compared to
that at anonymous microsatellite loci (Wilcoxon rank sum test, p = 0.0003334) (Figure
4.2). Allelic richness (A) and allelic diversity (mean number of alleles) (AD) at eSTRs
and anonymous microsatellite also differed significantly between the two types of loci.
Allelic richness (A) ranged between four and 16 for eSTRs and between eight and 25 for
the anonymous microsatellite loci (Table 4.4). Loci comp36587 and comp45165 showed
the lowest and the highest A among the 13 eSTRs, respectively (Table 4.4). The mean
allelic richness across eSTRs and anonymous microsatellite loci were 9.923 and 17.158,
respectively. The estimates for A were significantly low at the eSTRs compared to that at
the anonymous microsatellite loci (Wilcoxon rank sum test, p = 0.001392) (Figure 4.3).
A similar trend was observed in estimates for AD between the two types of loci. The
estimates for AD ranged from 2.647 to 9.529 in the eSTRs and from 5.412 to 14.18 in the
anonymous microsatellite loci (Table 4.4). Lowest AD value among the eSTRs was
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observed in locus comp36587 and the highest in comp50288 (Table 4.4). The mean
allelic diversity across eSTRs and anonymous microsatellite loci were 6.443 and 10.043,
respectively. Allelic diversity was significantly low in the eSTRs compared to
anonymous microsatellite loci (Wilcoxon rank sum test, p = 0.00176) (Figure 4.3).
Estimates for FST ranged from 0.048 to 0.108 in the eSTRs and from 0.032 to 0.099 in the
anonymous microsatellite loci. (Table 4.4). Locus comp50288 showed the highest
estimate for FST among the eSTRs and the lowest estimate was observed at locus
comp25013 (Table 4.4). The mean FST at the eSTRs was 0.071 and 0.054 at the
anonymous microsatellite loci. The estimates for FST in the two types of loci were
significantly different between the two types of loci with eSTRs showing significantly
higher mean FST compared to that observed in the anonymous microsatellite loci
(Wilcoxon rank sum test, p = 0.01821) (Figure 4.2). Collectively, the results based on He,
A, AD, and FST are consistent with signatures of local adaptation which indicates different
allele lengths may be favored in different populations at the eSTRs as compared to
neutrally evolving anonymous microsatellite loci. However, results based on FST should
be treated with caution considering that these measures are sensitive to locus specific
mutation rates. Mantel tests showed significant positive correlation between genetic and
log transformed geographic distance matrices for both eSTRs (R = 0.3824, p < 0.001),
and anonymous microsatellite loci (R = 0.3770, p < 0.001).
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Table 4.4

Allelic diversity (AD), allelic richness (A), allele size range, observed
heterozygosity (Ho), expected heterozygosity (He) and pairwise FST
estimates at transcribed (eSTRs) and anonymous microsatellite loci

Locus
comp47993
comp43727
comp25013
comp47327
comp47056
comp36587
comp50288
comp41936
comp45709
comp50462
comp26672
comp45165
comp25591
ORS878
ORS483
ORS420
ORS1161
ORS456
ORS299
ORS1067
ORS1088
ORS1108
ORS1144
ORS1193
ORS380
ORS437
ORS608
ORS613
ORS691
ORS815
ORS853
ORS857

Allele size
range (bp)
221 – 226
191 – 221
184 – 208
135 – 167
215 – 253
227 – 239
238 – 266
294 – 324
320 – 350
188 – 218
241 – 271
184 – 232
162 – 206
207 – 247
272 – 294
144 – 164
235 – 287
331 – 345
272 – 288
190 – 226
205 – 306
173 – 209
137 – 169
306 – 332
400 – 456
343 – 383
271 – 329
225 – 259
453 – 499
189 – 243
185 – 247
220 – 242

AD

A

Ho

He

FST

4.118
7.765
4.471
8.529
7.471
2.647
9.529
3.941
4.588
7.000
6.176
8.353
9.176
11.412
7.765
7.118
14.118
5.412
6.647
12.235
14.176
10.647
10.000
7.059
13.000
9.000
8.647
12.118
12.882
10.824
10.647
7.118

6
11
5
12
10
4
15
6
6
11
11
16
16
21
12
11
25
8
9
19
25
16
17
10
22
16
23
18
22
18
23
11

0.668
0.732
0.692
0.852
0.859
0.308
0.890
0.664
0.738
0.829
0.824
0.878
0.845
0.887
0.855
0.797
0.926
0.746
0.762
0.924
0.920
0.883
0.893
0.849
0.918
0.772
0.832
0.930
0.922
0.849
0.896
0.766

0.619
0.661
0.635
0.794
0.747
0.260
0.724
0.603
0.686
0.760
0.754
0.763
0.726
0.829
0.779
0.769
0.888
0.707
0.726
0.883
0.887
0.822
0.807
0.761
0.870
0.722
0.787
0.877
0.863
0.806
0.833
0.729

0.049
0.096
0.048
0.051
0.090
0.069
0.108
0.074
0.054
0.061
0.056
0.084
0.089
0.065
0.068
0.032
0.036
0.051
0.046
0.040
0.032
0.061
0.088
0.099
0.041
0.052
0.050
0.050
0.056
0.048
0.060
0.054
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Population structure
STRUCTURE analyses conducted separately for the two types of loci indicated
distinct patterns of individual assignment to clusters. The DeltaK method (Evanno et al.
2005) implemented using Structure Harvester program (Earl and vonHoldt 2012)
determined the most likely number of clusters that explained the genetic variation at the
two types of loci. The most likely number of clusters supported when using anonymous
microsatellite loci was K =2. (Figure 4.4; Figure 4.5). At the eSTRs the most likely
number of clusters that best explained the partitioning of genetic variation across the 672
individuals was K = 5 (Figure 4.4, Figure 4.5). At the anonymous loci, the clustering
pattern suggested a north-south division in the populations with the transition zone close
to populations from Nebraska (Figure 4.4). At the eSTRs, populations ND1 and MT1
formed a distinct cluster from the remaining 15 populations, and so did population NE2.
The north-south division observed when the structure analysis was conducted with
anonymous microsatellites was also detected with eSTRs, although not prominently so.
Outlier loci
BayesFST
BayesFST detected a total of eight microsatellite loci as outliers based on higher
or lower than average FST values associated with them. Eight of the 19 anonymous
microsatellite loci were classified as outliers. Seven of these loci had lower than average
FST values, ORS 420, ORS 1088, ORS 1161, ORS1067, ORS815, ORS857, and ORS
380. A single anonymous microsatellite locus ORS 1193 was identified as having a
significantly high FST value (Figure 4.6).
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lnRV and lnRH
Significant lnRV values were detected in all 13 eSTRs and three of the anonymous
microsatellite loci (p < 0.05) (Table 4.5). A total number of 141 lnRV outliers were
detected in eSTRs and 12 in anonymous microsatellites. The number of lnRV outliers
ranged from two to 16 for eSTRs and from one to nine for anonymous microsatellite loci
based on all possible population pair comparisons (136) for each microsatellite locus
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102
p = 0.01821

B

(A) Expected Heterozygosity (He) and population genetic differentiation (FST) estimates across 17 natural populations
of common sunflower at 19 anonymous and 13 transcribed microsatellite loci (eSTRs) used in the study.

P-values based on Wilcoxon-rank sum tests are indicated here.

Figure 4.2

p = 0.0003334

A
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p = 0.001392

B

Allelic diversity (A) and allelic richness (B) across 17 natural populations of common sunflower at 19 anonymous
and 13 transcribed microsatellite loci (eSTRs) used in this study

P-values based on the Wilcoxon-rank sum tests are indicated here.

Figure 4.3

p = 0.00176

A
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Population genetic structure of 17 natural populations of common sunflower at (A) anonymous and (B) transcribed
microsatellite loci (eSTRs)

The number of clusters supported at anonymous microsatellites (A) and eSTRs (B) was K = 2 and K = 5, respectively.

Figure 4.4

B

A
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Delta K values calculated according to Evanno’s method showing the number of clusters best supported at (A)
anonymous and (B) transcribed microsatellites (eSTRs).

B

The number of clusters best supported at anonymous and transcribed microsatellite loci (eSTRs) was K = 2 and K = 5, respectively.

Figure 4.5

A

Figure 4.6

Outlier microsatellite loci identified by BayesFST

P-value cutoff of 0.05 is indicated by the solid black line.
(Table 4.5). Collectively, eSTRs produced significantly more lnRV outliers than
anonymous microsatellites (Chi-squared test, p < 0.001). The total number of lnRH
outliers identified across the 13 eSTRs and 11 of the 19 anonymous microsatellite loci
was 123 and 50, respectively. The number of significant lnRH values ranged from four to
15 for eSTRs and from one to 15 for anonymous microsatellite loci (Table 4.5). The
number of lnRH outliers detected in eSTRs was significantly higher than that observed
across anonymous microsatellite (Chi-squared test, p < 0.001). As suggested by
Schlötterer and Dieringer (2005), we regressed lnRV against lnRH for each population
comparison- a conservative approach considered to lower the number of false positives
by a factor of three. The number of population comparisons with significant values for
both lnRV and lnRH ranged from seven to 11 across 11 of the 13 eSTRs and only one
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significant value corresponding to ORS 483 was detected for anonymous microsatellites
(Table 4.5, Figure 4.7).
Microsatellite allele length variation across latitudes
Given the patterns of correlation observed between eSTR allele length and gene
expression across a narrow latitudinal range in Chapter III, we predicted clinal variation
in eSTR allele lengths across a broader latitudinal range. That pattern would provide
further evidence supporting the role of transcribed microsatellites in facilitating local
adaptation. To test these predictions, we calculated population mean allele length for each
eSTR locus and conducted linear regression analyses between population mean allele
length and latitude. The proportion of allele length variation explained by latitude varied
from 0.15% to 50.41% (Table 4.6). Six of the 13 eSTRs showed a negative linear
relationship between mean population allele length and latitude (Table 4.6). This suggests
that shorter allele lengths are more common at higher latitudes at these six eSTRs. The
opposite trend was observed at the remaining eSTR loci. Only four of the 13 eSTRs
showed a significant correlation between mean population allele length and latitude.
comp50288 (p < 0.01) and comp41936 (p < 0.05) showed significant positive correlation
while comp47993 (p < 0.01) and comp25591 (p < 0.05) showed significant negative
correlation between population mean allele length and latitude (Table 4.6) (Figure 4.8,
Figure 4.9). Additionally, two eSTRs, comp43727 (p < 0.1), and comp 47056 (p < 0.1),
exhibited correlations between latitude and mean population allele length, yet failed to
meet our significance threshold (Table 4.6).
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Figure 4.7

The relationship between standardized lnRV and standardized lnRH.

Data points represent lnRV and lnRH values calculated for each possible population pair
at each locus. The gray boxes indicate the regions where data points are outliers for both
lnRV and lnRH (p < 0.05).
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Table 4.5

Number of lnRV and lnRH outliers identified in pairwise population
comparisons for transcribed and anonymous loci
Locus

lnRV

lnRH

lnRV and lnRH

comp25013
comp47993
comp43727
comp47327
comp47056
comp36587
comp50288
comp41936
comp45709
comp50462
comp26672
comp45165
comp25591
ORS483
ORS608
ORS815
ORS380
ORS437
ORS613
ORS691
ORS853
ORS857
ORS1067
ORS1108
ORS1144

12
12
6
6
2
14
16
13
8
12
8
16
16
2
9
1
0
0
0
0
0
0
0
0
0

8
7
8
12
9
4
9
7
4
15
15
14
11
15
6
0
1
3
3
1
4
1
1
1
14

7
5
5
1
1
4
8
6
0
6
0
4
11
1
0
0
0
0
0
0
0
0
0
0
0
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Table 4.6

Regression models estimating the effect of latitude on population mean
eSTR allele length

eSTR
comp47993
comp43727
comp25013
comp47327
comp47056
comp36587
comp50288
comp41936
comp45709
comp50462
comp26672
comp45165
comp25591

Variable
Intercept
Latitude
Intercept
Latitude
Intercept
Latitude
Intercept
Latitude
Intercept
Latitude
Intercept
Latitude
Intercept
Latitude
Intercept
Latitude
Intercept
Latitude
Intercept
Latitude
Intercept
Latitude
Intercept
Latitude
Intercept
Latitude

Coefficient (β)
212.45
-0.16706
195.98
0.14833
195.88
-0.02677
140.68672
0.01684
212.9448
0.4158
234.20580
-0.01736
236.0409
0.3544
296.86661
0.24471
327.86998
0.13377
195.6255
0.1639
258.41503
-0.04709
199.3807
-0.02936
189.44754
-0.24766

Std. error
1.79101
0.04279
3.11945
0.07452
4.46338
0.10663
2.91559
0.06965
8.3503
0.1995
0.93458
0.02233
4.9743
0.1188
3.62033
0.08649
3.60948
0.08623
5.7998
0.1386
3.03899
0.07260
8.03927
0.19205
4.06830
0.09719

***p < 0.01, **p < 0.05, *p < 0.1
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Adj. R2

Latitude effect (%)

0.471

50.41***

0.1562

20.89*

-0.0622

0.41

-0.0625

0.38

0.1729

22.46*

-0.0254

4.03

0.3304

37.22***

0.3045

34.8**

0.08082

13.8

0.02433

8.53

-0.0376

2.72

-0.065

0.15

0.2556

30.21**
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Figure 4.8

B

Population mean microsatellite allele length plotted as a function of latitude for eSTR loci, (A) comp50288 and (B)
comp41936

A
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Figure 4.9

B

Population mean microsatellite allele length plotted as a function of latitude for eSTR loci, (A) comp47993 and (B)
comp25591

A

Discussion
Although long considered neutrally evolving regions in the genome, research now
implies that microsatellites are capable of functioning as advantageous mutators (Kashi et
al. 1997; King et al. 1997; Trifonov 2004). In line with this hypothesis, several studies
have linked microsatellite variation to trait variation, both at gene expression and
phenotypic levels (Fondon and Garner 2004; Vinces et al. 2009). The ability of
microsatellites to function as facilitators of adaptive evolution is not constrained by their
location within the genome. However, their relative effects on phenotypes at the level of
gene expression could be conveniently studied in the transcribed regions given the
availability of techniques such as RNA-Seq that allows genotyping transcribed
microsatellites and quantifying gene expression at microsatellite-containing genes.
Utilizing these favorable features of RNA-Seq, we previously identified transcribed
microsatellites that influence gene expression in natural populations of common
sunflower from a narrow latitudinal range grown in a common garden (Chapter III).
Designating these transcribed microsatellite loci as candidates for rapid adaptive
evolution based on their measurable effects on functional variation alone is insufficient. It
is also important to test whether these transcribed microsatellites that demonstrate
significant effects on phenotypes are under selection, providing evidence to further
strengthen their role as adaptive mutators. Storz and Wheat (2010) suggest that
integrating population genetic analyses with functional studies can better substantiate
inferences regarding the potential role of loci that may underlay adaptation. Such
approaches have previously been proven effective in providing insights into potential
adaptive mechanisms (Watt et al. 1996, 2003; Lamason et al. 2005; Linnen et al. 2009).
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Here we used a similar population genetic approach to determine whether transcribed
microsatellites that have shown evidence for significant influence on gene expression
(eSTRs) in common sunflower are under selection in comparison to anonymous
microsatellites that are assumed to evolve in a neutral fashion.
Collectively, genetic diversity estimates from the two types of loci indicate
signatures of directional selection acting on eSTRs compared to anonymous
microsatellite loci. Estimates for expected heterozygosity (He), allelic richness (A), and
allelic diversity (AD) were significantly low at the 13 eSTRs in comparison to that at
anonymous microsatellites (Table 4.4, Figure 4.2, Figure 4.3). Similar trends have been
reported in several studies that have compared microsatellites located within transcribed
regions (EST-SSRs) to anonymous microsatellites (genomic SSRs) suggesting that ESTSSRs are generally less polymorphic than genomic microsatellites (Cho et al. 2000;
Leigh et al. 2003; Eujayl et al. 2004; Varshney et al. 2005; Yatabe et al. 2007). Low
levels of polymorphism detected at transcribed microsatellites have been typically
attributed to functional and evolutionary constraints that limit expansion of specific
repeats within structurally important regions (Dokholyan et al. 1997; Metzgar et al.
2000). Reduction of genetic variation typically observed at genic microsatellites may not
necessarily indicate selection acting on the microsatellite itself, rather it is likely that the
microsatellite is tightly linked to a region under selection. Theoretically, the proportion of
allele frequency variation attributed to population differences is determined by selection
(Lewontin and Krakauer 1973). This proportion of genetic variation identified as FST
(Wright 1951) is considered to vary significantly from neutrally evolving loci due to
selection. In this study, we detected significantly higher mean FST values at eSTRs
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compared to neutrally evolving anonymous microsatellites. This pattern is consistent with
selection favoring different alleles in different populations at the eSTRs (Table 4.4,
Figure 4.2).
The structure analysis revealed that the number of clusters that explained the
partitioning of genetic variation at the eSTRs was higher than that observed at the
anonymous microsatellites (Figure 4.4, Figure 4.5). This finding is consistent with the
elevated FST values observed at the eSTRs and also suggests greater linkage
disequilibrium among the eSTRs than that observed among the anonymous
microsatellites. The anonymous microsatellites showed support for two major clusters
with a north-south division close to populations from Missouri and Kansas. Previous
studies conducted on wild sunflower populations transecting the same latitudinal cline
have also revealed a similar pattern of genetic differentiation suggesting a north-south
division although the split between the two clusters was observed closer to Nebraska
(Mandel et al. 2011; McAssey et al. 2016). This suggests that the anonymous
microsatellite loci used in this study are efficient at detecting neutral rates of evolution
and that they are capable of identifying the genetic structure of the populations used in
this study. Comparatively, partitioning of genetic variation at eSTRs differed from that at
anonymous microsatellites, which may indicate distinct selective pressures acting on
eSTRs.
We used BayesFST to determine which of these loci are under selection.
Typically, loci with unusually high FST estimates are identified as under directional
selection while those that show unusually low FST values are identified as loci under
balancing selection. Given the high mean FST observed at eSTRs in general, we expected
115

BayesFST to identify at least some of these loci as outliers, a finding that would be
consistent with directional selection. It is interesting to note that BayesFST identified
eight anonymous microsatellite loci as being influenced by selection while eSTRs were
considered neutrally evolving loci. Seven anonymous microsatellites were identified as
loci with lower than average FST values which indicates balancing selection (Figure 4.6).
The use of BayesFST in this study could be particularly error prone given the number and
the composition of the markers. We assume that the low number of loci (32) used in the
BayesFST analysis and the inclusion of a number of loci possibly under selection could
have resulted in false positives as explained by Lotterhos and Whitlock (2014).
Particularly, establishing neutral FST levels based on these two distinct types of loci could
have introduced bias which resulted in identifying false positives for balancing selection.
Furthermore, we acknowledge that inferences based on FST alone can be error prone when
used with microsatellites due to their high mutation rates (Hedrick 1999; Balloux et al.
2000; Putman and Carbone 2014). Therefore, we used a second approach that accounts
for some of these problematic features of microsatellites when identifying loci under
selection.
The two statistics lnRV and lnRH identify loci under selection based on
variability in the number of repeats and heterozygosity, respectively (Schlötterer 2002;
Schlötterer and Dieringer 2005). Our results from the lnRV and lnRH based analyses
revealed that the number of outliers for lnRV and lnRH at eSTRs significantly
outnumbered those at anonymous loci (Table 4.5, Figure 4.7). Estimates for lnRV in
particular were elevated in the eSTRs compared to that in the anonymous microsatellites
while similar levels of differentiation were not observed for lnRH. This suggests that, of
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the two parameters considered, allele length variation at the eSTRs may be more likely to
explain the adaptive role of eSTRs compared to variation in the number of alleles.
Furthermore, outliers for both lnRV and lnRH combined were only identified for eSTRs.
These results suggest that eSTRs are likely to have undergone recent local selective
sweeps whereby different allele lengths may be favored in different populations. We also
detected three eSTRs (comp50288, comp36587, and comp25591) with fixed alleles
across two populations (ND1, NE2) that suggest a putative sweep. At comp 36587, both
ND1 and NE2 populations were monomorphic for allele size 233 bp. Loci comp50288
and comp 25591 each had a fixed allele in populations NE2 (252 bp) and ND1 (182 bp),
respectively. Similar trends have been previously reported for expressed microsatellites at
inter and intra species level in the genus Helianthus across North America (Gross et al.
2007; Kane and Rieseberg 2007; Chapman et al. 2008; Kane et al. 2009). In all these
studies, authors have emphasized that the extreme lnRV and lnRH do not indicate that the
microsatellites themselves are under selection rather they could be tightly linked to loci
under selection. In the absence of functional data to suggest otherwise, this rationale
seems plausible. However, it is also interesting to note that linkage disequilibrium in wild
sunflower genomes is considered to be extremely low which suggests that regions that
have undergone selective sweeps are likely to be small (Liu and Burke 2006; Kolkman et
al. 2007). This information together with population genetic and functional data from our
eSTRs provide strong evidence to suggest that it is likely that the microsatellites
themselves could be under strong selective pressures.
We assessed the relationship between the population mean microsatellite allele
length and latitude at the eSTRs. In line with the signatures of directional selection
117

detected at the eSTRs, we predicted that at least some of them would show patterns of
strong correlation between population mean microsatellite allele length and latitude
which would provide further evidence to suggest that eSTRs do play a role in local
adaptation of common sunflower. We detected statistically significant relationships
between population mean allele length and latitude at four eSTRs (Table 4.6, Figure 4.8,
Figure 4.9). Two of the loci, comp50288 and comp41936 showed strong positive
correlation between population mean allele length and latitude which suggests that longer
alleles are favored in higher latitudes. A negative correlation between mean allele length
and latitude was detected in comp49773 and comp25591 suggesting that shorter alleles
are favored in higher latitudes at these loci. Similar patterns of microsatellite allele length
variation across latitudes have been detected in previous studies with particular focus on
genes related to circadian rhythm (Johnsen et al. 2007; Michael et al. 2007; Lemay and
Russello 2014).
In this study we assessed the strength of selection acting on microsatellites that
are known to have influenced gene expression relative to anonymous microsatellites that
are assumed to evolve neutrally. Collectively, the results from the genetic diversity
estimates, population structure analysis, lnRV and lnRH based outlier tests, and
latitudinal variation in mean microsatellite allele length suggest that transcribed
microsatellites that influence gene expression are under strong directional selection. Our
study provides compelling evidence to support the adaptive potential of the transcribed
microsatellites that contribute to variation in gene expression in common sunflower. This
demonstrates that natural populations may be able to generate heritable genetic variation
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through mutation at rates greater than previously assumed providing an insight into the
evolutionary potential of these populations to adapt to rapidly changing environments.
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CHAPTER V
CLINAL PATTERNS OF CORRELATION BETWEEN MICROSATELLITE ALLELE
LENGTH AND GENE EXPRESSION SUPPORT A POTENTIAL ADAPTIVE ROLE
FOR TRANSCRIBED MICROSATELLITES IN SUNFLOWER
Abstract
One of the most intriguing mechanisms proposed to explain the adaptive role of
microsatellites suggest that they can function as “tuning knobs” of adaptation by altering
phenotypes in a stepwise manner. Previously, we tested the predictions of the
aforementioned tuning knob model by conducting an RNA-Seq experiment on natural
populations of common sunflower (Helianthus annuus L.) transecting a latitudinal cline
from Kansas to Oklahoma grown in a common garden. We identified 479 microsatellites
(eSTRs) with significant allele length effects on gene expression. In this study we tested
the patterns of correlation between allele length and gene expression across a wider
latitudinal range at five of the previously identified eSTRs. Seed from 96 individuals
from six natural populations of common sunflower from Nebraska and Texas were grown
in a common garden. The individuals were genotyped at the five eSTRs and gene
expression was quantified at the five eSTR-containing genes with qRT-PCR. Linear
regression models identified significant allele length effect on gene expression at two
eSTRs, comp25013 and comp45709. One eSTR locus, comp26672, showed significant
effect of latitude on microsatellite allele length across the range from Nebraska to Texas.
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This study provides evidence that patterns of correlation observed between eSTR allele
length and gene expression are likely to remain consistent across wider geographical
ranges. The results are consistent with the proposed role that transcribed microsatellites
play in generating adaptive genetic variation in a stepwise manner.
Introduction
Significant portions of eukaryotic genomes are composed of repetitive DNA
sequences. Although long been considered neutrally evolving regions with no biological
significance, research now provides evidence contrary to this once popular perception
(Shapiro and Von Sternberg 2005). Of particular importance in this regard are highly
mutable microsatellites. It has been implied that microsatellites may function as
evolutionary “tuning knobs” facilitating organismal evolvability by altering phenotypes
in a stepwise manner (Kashi et al. 1997; King et al. 1997; Trifonov 2004). Microsatellites
possess a repertoire of favorable features that implicate them as potential drivers of rapid
adaptive evolution (Kashi and King 2006). These hypervariable genomic regions have
mutation rates that are orders of magnitude greater than base substitution rates (Gemayel
et al. 2010). Microsatellite are found abundantly within functional regions (Li et al. 2002;
Li et al. 2004), placing them in positions ideal for generating functional variation. In line
with these predictions, several studies have demonstrated functional roles for
microsatellites. Microsatellites have long been linked to neurodegenerative diseases such
as Huntington’s disease (Andrew et al. 1993), Fragile X-syndrome (Verkerk et al. 1991),
and spinobulbar muscular atrophy (La Spada et al. 1992) among others. Further,
microsatellites have been implicated to play a positive role in adaptive evolution in some
organisms with notable evidence associating them with variation in skeletal morphology
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in domesticated dogs (Fondon and Garner 2004), social behavior changes in voles
(Hammock and Young 2005), and pathogenicity of bacterial species (Bayliss et al. 2001).
Several of these studies have been focused on studying the effect of microsatellites at the
level of one or a few genes. Until recently, studies seeking to understand functional
effects of microsatellites across multiple genes have been sporadic (Fahima et al. 2002;
Nevo et al. 2005). With the advent of next generation sequencing techniques, it is now
possible to assess the proportion of functional microsatellites even at the genome level
(Gymrek et al. 2015).
Despite the growing body of evidence that link microsatellites to functional
variation, arguments have persisted as to whether natural selection could favor
microsatellite mutability. To this end, studies have detected environmental selection
influenced by functional effects of microsatellite allele length in a number of organisms
with most notable examples coming from genes related to circadian rhythm across
latitudinal clines (Steinmeyer et al. 2009). In Drosophila, a hexanucleotide repeat located
within the PER protein showed a significant allele length effect on sensitivity of circadian
rhythm to temperature fluctuations with longer alleles being more common in natural
populations from northern latitudes (Sawyer et al. 1997). Similar clinal patterns in allele
length and frequencies in microsatellites located within circadian rhythm-related genes
have been independently reported in studies based on several organisms including blue
tits (Cyanistes caeruleus) (Johnsen et al. 2007), migratory songbirds (Cardellina pusilla)
(Bazzi et al. 2016), sockeye salmon (Oncorhynchus nerka) (Lemay and Russello 2014),
Chinook salmon (O'Malley and Banks 2008) and, fungal species, Neurospora crassa
(Michael et al. 2007). In plants, clinal patterns of variation in life history traits are often
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reported (Böhlenius et al. 2006; Zhang et al. 2008; Kawakami et al. 2011). This
pronounced variation in life history traits across geographical gradients makes plants
ideal model systems to study underlying genetic mechanisms of rapid adaptive evolution.
However, genetic and molecular mechanisms underlying such adaptive traits are not well
understood. Therefore, the potential role that microsatellites might play, if any, also
remains obscure. Recently, two independent studies reported that experimentally
introduced microsatellite length variants may influence flowering time-related genes in
the model plant Arabidopsis thaliana (Rival et al. 2014; Rosas et al. 2014) which
suggests that microsatellites may have the potential to induce adaptive changes in plants.
Significant correlations have been detected between microsatellite allele lengths and
ecological diversities (Fahima et al. 2002) (Chapter IV).
In this context, we used natural populations of common sunflower (Helianthus
annuus L.) transecting a latitudinal gradient to understand the potential role that
microsatellites may play in generating rapid adaptive evolution. Common sunflower are
widely distributed across ecologically diverse habitats in North America (Heiser et al.
1969) and previous studies have demonstrated clinal patterns of variation in a number of
adaptive traits including flowering time (Blackman et al. 2011) and seed oil content
(Linder 2000). Here, we seek to understand the extent to which microsatellites may
contribute toward adaptive evolution in common sunflower at the level of gene
expression. The presence of microsatellites within promoter regions or transcribed
regions increases the possibility of microsatellites influencing phenotypic variation at the
level of gene expression. Transcribed microsatellites are ideal candidates for studying this
potential cis-regulatory role because RNA-Seq provides information on microsatellite
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genotype as well as gene expression levels. Utilizing these favorable features of RNASeq, we previously identified transcribed microsatellites that show a significant allele
length effect on gene expression in natural populations of common sunflower (Helianthus
annuus L.) from across a narrow latitudinal range (Chapter III). Further, a population
genetic study conducted on 13 of these loci detected signatures of strong directional
selection acting on them compared to neutrally evolving microsatellites (Chapter IV).
In the current study, we used natural populations of common sunflower north
(Nebraska) and south (Texas) of the focal populations from Kansas and Oklahoma to
further test the predictions of the tuning knob model. We predict that microsatellites with
significant allele length effects on gene expression across a narrow latitudinal range
would show consistent patterns when the distance between the latitudes widens. Given
the signatures of directional selection detected at these loci (Chapter IV), we further
predict that specific microsatellite allele lengths may be favored under ecologically
diverse conditions leading to clinal patterns in allele length variation across latitudes.
Materials and methods
Sample collection and common garden experiment
Seeds from three wild-collected populations of H. annuus from Nebraska were
obtained from the USDA’s North Central Regional Plant Introduction Station (Ames,
IA). Seeds from three wild H. annuus populations in Texas were collected in August
2015 and the vouchers were deposited at the Mississippi State University Herbarium
(Table 5.1). Seeds were scarified and germinated on moist filter paper in Petri dishes.
Seeds were grown in 2.54 cm “cone-tainers” (Stuwe & Sons, Inc., Tangent, OR, USA).
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The “cone-tainers” were arranged in a randomized block design and kept in greenhouse
under controlled conditions for five weeks.
RNA extraction
Young leaves from five-week old plants were collected for RNA extraction. A
total number of 96 individuals representing the six populations (16 individuals per
population) were used in the study. RNA was isolated from 20 mg of fresh leaf tissue
with Maxwell 16 LEV simplyRNA Tissue kits (Promega, WI, USA). Isolated RNA
samples were converted to cDNA using High Capacity cDNA Reverse Transcription kit
with RNase inhibitor (Applied Biosystems, Foster City, CA).
Gene expression quantification
In a previous study (Chapter III), transcribed microsatellites with significant allele
length effect on gene expression across populations of sunflowers from two latitudinal
locations in Kansas and Oklahoma were identified (hereafter termed eSTRs – a term
borrowed from Gymrek et al. 2015). Five of the previously identified eSTRs were
selected to assess the patterns of microsatellite allele length effect on gene expression in
populations further north (Nebraska) and south (Texas) of the previously sampled
locations. The putative functions of the selected eSTR-containing genes from the
BLASTX search against the Helianthus annuus protein sequence database (Chapter III)
are given in Table 5.2. The five eSTRs for this study were selected on the basis of the
magnitude of effect on gene expression explained by microsatellite allele length at those
loci (Chapter III) and the presence of fewer alleles at a locus which facilitates accurate
genotyping (Chapter IV).
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Two constitutively expressed genes, actin and ubiquitin, were selected as
standards for estimating relative concentrations of the five eSTR-containing genes.
TaqMan assays for the two standards were previously designed (Pramod et al. 2012) and
new assays were synthesized for the five selected eSTR-containing genes with Primer
Express v.3.0 (Applied Biosystems, Foster City, CA) (Table 5.3). The assay probes were
ZEN double-quenched probes that contain an internal quencher, a 3’ Iowa Black forward
quencher (IABkFQ), and a 5’ 6-FAM reporter (Integrated DNA Technologies, Coralville,
Iowa, USA). Standard curves were generated for the seven assays with six-point, 1:1
serial dilutions of cDNA samples from four individuals representing four of the six
populations. Real-time PCR (qPCR) was carried out on an ABI StepOne Real-time PCR
System (Applied Biosystems). The reaction mix included 5 μ L (1 × concentration) of 2 ×
iTaq supermix with ROX (Bio-Rad, Hercules, California, USA), 1 μ L (1 ×
concentration) of the TaqMan assay, 3 μ L of ddH2O, and 1 μ L of cDNA sample. The
amplification profile consisted of a 2 min hold at 50 °C, an initial denaturation step at 95
°C for 3 min, 40 cycles of denaturation at 95 °C for 30 s and annealing and elongation
step at 72 ° C for 40 s. The cycle threshold (CT) values obtained from the qPCR runs
were used to generate standard curves for each of the seven assays. ANCOVAs were
conducted with individual as the discrete and the log2 transformed concentration as the
continuous explanatory variables, respectively. Models for each of the seven assays were
established to quantify relative concentrations from the CT values (Table 5.4) for the 96
individuals. Actin and ubiquitin concentrations were averaged to calculate the standard
concentration for each individual. Log2 transformed concentrations for each assay were
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regressed against the standard concentration to calculate standardized residual
concentrations.
DNA extraction and Microsatellite genotyping
Approximately 15 – 20 mg of dried leaf tissue from the 96 plants used in the
qPCR experiment were macerated using the Retsch MM200 ball mill (Retsch
Incorporated, Newtown, Pennsylvania, USA). DNA was extracted using the Maxwell 16
tissue DNA purification kit (Promega, Madison, Wisconsin, USA). Primers previously
designed for the five eSTRs (Chapter IV) were used to conduct three primer PCR.
Touchdown PCR was performed (Don et al. 1991) as explained in Chapter IV. Fragment
analysis was performed on ABI 3730 capillary sequencers (Applied Biosystems) at the
Arizona State University DNA laboratory using LIZ-500 as the size standard (GeneScan
– 500 LIZ Size Standard – Applied Biosystems). Microsatellite genotypes were scored
using GeneMarker version 2.6.7 (SoftGenetics).
Effect of microsatellite allele length on gene expression
Extracting microsatellite repeat unit numbers directly from amplicon lengths
could be erroneous (Guichoux et al. 2011). Therefore, we calculated normalized
microsatellite allele lengths for each individual at a locus by first subtracting the
amplicon length of the shortest allele observed from each amplicon length and then
adding the two allele lengths together. A similar approach has been used by Gymrek et al.
(2015) referring to the calculated combined allele length as “STR dosage”. Combined
allele length at a locus can be calculated with the following formula, where Y ij represents
combined allele length for ith individual at jth locus when X1, X2 and Xm represent the
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amplicon lengths of the two alleles and the shortest allele length observed at the jth locus,
respectively.
Yij = (X1 - Xm) + (X2 - Xm)

(6.1)

Previous analyses (Chapter III) revealed that the five eSTRs used in this study
tend to show a linear relationship between microsatellite allele length and gene
expression. Therefore, we limited our analysis to investigate the possible linear
relationship between microsatellite allele length and gene expression although other
empirical studies do provide evidence for non-linear relationships (Vinces et al. 2009).
We performed linear regression between log2 transformed gene expression and
microsatellite allele length with population as a categorical covariate for each of the five
eSTRs. Statistical analyses were performed in R statistical software (R Core Team,
2017). To estimate the relative contributions of microsatellite allele length and population
on gene expression, Type II ANOVA was performed with R package car (Fox et al.
2017). The effects of different variables on gene expression were visualized with R
package visreg (Breheny and Burchett 2014).
Population genetic and statistical analyses
Standard population genetic measures at the five eSTR loci were estimated with
Arlequin v3.5.2.2 (Excoffier and Lischer 2010). Allelic diversity at the five loci was
measured by calculating expected and observed heterozygosity estimates (Nei 1978) and
allele frequency variation among populations was estimated from FST (Weir and
Cockerham 1984). An Analysis of Molecular Variance (AMOVA) was performed to
assess the partitioning of genetic variation among the six populations. We used the
genotype data previously collected for the five eSTRs from Kansas (KS) and Oklahoma
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(OK) populations (Chapter IV) in addition to that from Nebraska and Texas populations
to assess the association between mean microsatellite allele length and latitude. Mean
microsatellite allele lengths were calculated for each of the three populations representing
a latitudinal location. Linear regression analyses were performed for each of the five
eSTRs to assess the association between mean microsatellite allele length and latitude.
Table 5.1

Voucher details for common sunflower (Helianthus annuus L.) populations
from Nebraska (NE) and Texas (TX) used in this studya

Herbarium accession Population
Collection locality
Geographic
numberb / USDA PI
coordinates
MISSA033312
TX1
Spring, TX
300 5’N, 950 25’W
MISSA033311
TX2
Spring, TX
300 4’N, 950 26’W
MISSA033313
TX3
Spring, TX
300 4’N, 950 28’W
PI 613781
NE4
Fort Calhoun, NE
410 31’N, 950 59’W
PI 659440
NE5
Ogallala, NE
41012’N, 1010 38’W
PI 673220
NE6
Lincoln, NE
40051’N, 96044’W
a
Vouchers for samples from TX1, TX2, and TX3 are deposited at the Mississippi State
University herbariumb Collector: C. Ranathunge

Table 5.2

Microsatellite repeat motif, location of the microsatellite within the gene
and the putative function of the eSTR-containing genes used in the study

eSTR-containing
gene

Putative function

Repeat
motif

Region

comp26672

Protein CHUP1, chloroplastic-like

CCTTCT

Coding

comp25013

ATP-dependent Clp protease
proteolytic subunit 5, chloroplasticlike
ATP synthase delta chain,
chloroplastic-like
cytochrome P450 86A22-like
(CYP86A22)
Putative dual specificity protein
phosphatase DSP8

GACGGT

5'UTR

TCATT

5'UTR

GTGTTT

5'UTR

TTCAA

5'UTR

comp41936
comp45709
comp47993
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Table 5.3

TaqMan gene expression assays designed for five eSTR-containing genes
in Helianthus annuus L.

Assay
comp25013

TaqMan assay sequences
P: CCGAACGGTTTTCTGATTGCTTCTCAATTT
F: GGAATATACAGCTTTCACCGAAGAA
R: CCCTCCGTTCCAGGAATGTT
comp47993
P: AACCCACCCTTCTTCCTTTTTTCTAACGCC
F: AGGGTTCGCTCACTTTGCA
R: GGTGAAACGGATGGAATTGC
comp26672
P: AAAAGCGGATGCACTGC
F: CCCGCAGTGGCCAGA AC
R: CGGAAACTGAAAGCAGCTTCA
comp41936
P: CTATCACTCAAACTCG/
F: GGCGGTTTACGTCTCCAAAC
R: GTCGGCGGAGTGATTTTCC
comp45709
P: TCCGACAATCTTCG
F: TCGCATGCACGATTGGAT
R: TGGTACGTGCCACCACACAT
P: Probe, F: Forward primer, R: Reverse primer
Results
Gene expression variation in eSTR- containing genes
We conducted regression analyses to estimate the correlation between the log2transformed concentrations of the two constitutively expressed genes, actin and ubiquitin,
used as the standards. The analyses revealed a strong linear relationship between the
concentrations of the two standards as expected (R2 = 0.91, p < 0.0001) (Figure 5.2). This
strong correlation detected between the two standards suggests that using either one of
the two genes as the control gene for normalizing expression is appropriate. However, we
opted to use both to improve accuracy. When the concentrations of the five eSTRcontaining genes were regressed against the average concentrations of the two standards,
four of them each revealed a positive correlation between the concentrations with
coefficients of correlation (R2) ranging from 0.22 to 0.82. (Table 5.5). Locus comp45709
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showed a negative correlation between its concentration and that of the standards (R 2 = 0.011) while locus comp41936 showed a strong positive correlation (0.82) (Table 5.5).
Contribution of microsatellites to gene expression variation
We conducted multiple regression analyses on the five eSTR-containing genes to
estimate the proportion of gene expression variation explained by microsatellite allele
lengths. Except for locus comp25013, allele length was negatively correlated with gene
expression (Figure 5.5, Table 5.6). The estimated effect size of microsatellite allele length
on gene expression ranged between 0.30 - 8.52% with two of the five eSTRs: comp26672
(p < 0.05) and comp45709 (p < 0.05), showing significant allele length effects on gene
expression (Figure 5.5, Table 5.6). Our results also suggest that population differences
explain 3.43 - 29.81% of the variation in gene expression (Table 5.6). A significant
proportion of the variation in gene expression was explained by population differences in
loci, comp26672 (p < 0.001), comp41936 (p < 0.001) and comp47993 (p < 0.05) (Figure
5.4, Table 5.6).
Population structure
We genotyped the 96 individuals from the six populations used in this study at the
five eSTRs. The number of alleles at a locus ranged from three to six (Table 5.7) and the
average number of alleles at a locus ranged from 2.5 to 4.0. Expected heterozygosity
estimates (He) at the five eSTRs ranged from 0.555 to 0.792 with an average of 0.689
(Table 5.7). Mean FST across the five eSTRs was 0.2033. The highest mean F ST was
observed at the locus comp25013 (0.366) while the lowest was observed at locus
comp41936 (0.036) (Table 5.7). The results from the AMOVA show that 55.87% of the
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genetic variation at the five eSTRs is observed within individuals, 23.8% among
individuals within populations, and 20.33% among populations (Table 5.8).
Latitudinal variation in microsatellite allele length
When population mean allele lengths were regressed against the latitude, we
found positive correlation between latitude and mean microsatellite allele length at
comp26672, comp25013, and comp45709 while comp47993 and comp41936 showed a
negative correlation. Locus comp26672 showed a strong positive correlation between
latitude and mean allele length with latitude explaining a significant proportion (76.5%)
of the variation in microsatellite allele length (R2 = 0.74, p < 0.001) (Figure 5.6).
Although not statistically significant, a weak positive correlation was detected between
latitude and mean microsatellite allele length at the two loci, comp25013 (R 2 = 0.20, p =
0.0794) and comp45709 (R2 = 0.25, p = 0.0561) with 27.6% and 31.8% of the variation
in allele length explained by latitude, respectively. At comp 41936 and comp47993,
regression analyses revealed a negative correlation between latitude and allele length
with populations in northern latitudes having shorter mean allele lengths than those in
southern latitudes. However, the proportion of variation in microsatellite allele length
explained by latitude at comp47993 and comp 41936 were not statistically significant
(comp47993: R2 = 0.09, p = 0.177; comp41936: R2 = -0.091, p = 0.785).
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Table 5.4
Assay

Standard curve based estimates for two control and five eSTR-containing
genes in Helianthus annuus

Correlation
coefficient (R2)
Actin
0.98
Ubiquitin
0.99
comp45709
0.98
comp41936
0.98
comp26672
0.99
comp25013
0.98
comp47993
0.98
CT: Cycle threshold

Table 5.5
Gene
comp25013
comp26672
comp41936
comp45709
comp47993

Efficiency (b)

Intercept

Concentration

1.058
1.052
0.96
1.01
1.06
1.08
1.087

33.53
33.93
36.12
34.64
36.10
34.23
35.72

[CT - 33.53]/ -1.058
[CT - 33.93]/ -1.053
[CT - 36.12]/ -0.96
[CT - 34.64]/ -1.01
[CT - 36.10]/ -1.06
[CT - 34.23]/ -1.08
[CT - 35.72]/ -1.087

Correlation between relative concentrations of the five eSTR-containing
genes and the average concentration of actin and ubiquitin
Correlation coefficient (R2)
0.54
0.38
0.82
-0.011
0.22
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Slope (b)
1.068
0.717
0.97
0.042
0.626

Intercept
2.29
2.86
1.33
7.87
2.99

P-value
2.2*10-16
4.4*10-11
2.0*10-16
0.802
1.32*10-6

Figure 5.1

Sampling locations of the six populations of Helianthus annuus from
Nebraska (NE) and Texas (TX) used in the study.

Figure 5.2

Correlation between relative concentrations of actin and ubiquitin.

The strong correlation between the concentrations of the two control genes suggest that
they are both constitutively expressed.
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Figure 5.3

Correlation between relative concentrations of five eSTR-containing genes and the average concentration of the two
control genes (actin and ubiquitin)
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Figure 5.4

Gene expression variation in five eSTR-containing genes across six natural populations of Helianthus annuus from
Nebraska (NE) and Texas (TX)
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Effect of microsatellite allele length on gene expression in five eSTR- containing genes in six populations of
Helianthus annuus from Nebraska and Texas

a) comp25013, b) comp47993, c) comp41936, d) comp45709, e) comp26672

Figure 5.5

Table 5.6

Regression models for estimating microsatellite allele length effect on gene
expression

Gene

Variable

comp25013

Intercept
Allele
length
NE5
NE6
TX1
TX2
TX3
Intercept
Allele
length
NE5
NE6
TX1
TX2
TX3
Intercept
Allele
length
NE5
NE6
TX1
TX2
TX3
Intercept
Allele
length
NE5
NE6
TX1
TX2
TX3
Intercept
Allele
length
NE5
NE6
TX1
TX2
TX3

comp26672

comp41936

comp45709

comp47993

Coefficient (β)

Std. error

-0.19474
0.01322

0.33815
0.0114

0.32298
-0.29996
-0.16492
-0.11513
-0.10339
1.46726
-0.04016

0.37563
0.42657
0.37816
0.37125
0.37348
0.34217
0.01590

0.11495
-1.50722
-1.58917
-1.52492
-1.51633
0.398245
-0.00586

0.33132
0.32718
0.36815
0.36516
0.3513
0.274912
0.010476

-1.10098
-0.38687
-0.76879
0.366259
-0.21714
0.47333
-0.04143

0.338239
0.37724
0.328821
0.328821
0.334305
0.35929
0.01592

0.14974
0.53593
-0.29331
-0.06101
0.1368
-0.35765
-0.01644

0.3928
0.48501
0.40253
0.4083
0.40156
0.22211
0.01118

0.66293
0.36771
0.70038
1.00614
0.9731

0.2883
0.2956
0.27953
0.34062
0.28396

Adj. R2

Allele
effect (%)

Population
effect (%)

-0.01698

1.52

3.43

0.2781

5.07*

29.81***

0.1879

0.30

23.26***

0.02075

8.52*

3.46

0.09992

2.14

15.62*

Adj. R2 = Adjusted correlation of coefficient, Std. error = Standard error, Allele effect =
Percentage of gene expression variation explained by the variation in microsatellite allele
length, Population effect = Percentage of gene expression variation explained by the
population, P- value < 0.05 = *, P-value < 0.001 = ***, NE = Nebraska, TX = Texas
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Table 5.7

Diversity indices of the five eSTRs across the 96 H.annuus individuals
used in the study

Microsatellite
Na
Nm
Ho
He
FST
locus
comp25013
6
3.667
0.381
0.670
0.366
comp26672
5
3.833
0.528
0.792
0.190
comp41936
3
2.5
0.322
0.555
0.036
comp45709
4
3.0
0.340
0.695
0.348
comp47993
6
4.0
0.342
0.734
0.177
Na: Number of alleles; Nm: Mean number of alleles; Ho: Observed heterozygosity; H e:
Expected heterozygosity; FST: Fixation index
Table 5.8

Results from the Analysis of Molecular Variance (AMOVA) for 96 H.
annuus individuals based on the five eSTRs used in the study

Source of variation

df

Sum of squares
51.74
127.51

Variance
components
0.28
0.33

Percentage
of variation
20.33
23.8

Among populations
Among individuals within
populations
Within individuals
Total

5
89
95
189

73.5
252.75

0.77
1.38

55.87

p < 0.001

Figure 5.6

Population mean microsatellite allele length plotted as a function of latitude
for locus comp26672
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p < 0.1

Figure 5.7

Population mean microsatellite allele length plotted as a function of latitude
for locus comp45709
Discussion

Transcriptional regulation and the elements involved in regulatory processes can
be considered important drivers of adaptive evolution. Microsatellites, due to their high
mutation rates and the reversible nature of their variation (Gemayel et al. 2010), have
been considered likely candidates for driving rapid adaptive evolution. They have been
proposed to function as “evolutionary tuning knobs” by altering phenotypes in a stepwise
manner (Kashi et al. 1997; King et al. 1997; Trifonov 2004). Addition or removal of
microsatellite repeat units are proposed to introduce small, quantitative effects on
phenotypes and attempts have been made to quantify these effects at both phenotypic
(Fondon and Garner 2004) and gene expression level (Donaldson and Young 2013). In
this context, we previously assessed the role of transcribed microsatellites as cis147

regulatory elements in gene expression regulation in latitudinal populations of common
sunflower. We demonstrated that a substantial proportion of microsatellites located
within transcribed regions significantly contribute toward changes in gene expression in
common sunflower (Chapter III). Further, signatures of strong directional selection were
detected at these microsatellites suggesting that certain allele lengths may be favored in
different ecologically distinct environments (Chapter IV). In this study, we chose five of
the eSTRs identified in Chapter III to further test their relative contribution toward gene
expression across populations from a wider latitudinal range than that considered in the
focal study. Sampling these populations further north and south of the focal populations
also allowed us the opportunity to test the hypothesis that shorter or longer allele lengths
may be favored in populations in even more extreme conditions. The results from the
current study demonstrate that linear trends are maintained between allele length and
gene expression at the five eSTRs as expected based on the results from Chapter III
(Figure 5.5). Quadratic patterns of correlation between allele length and gene expression
have also been reported (Vinces et al. 2009), however, our results from Chapter III and
those from other studies (Gebhardt et al. 1999; Contente et al. 2002; Gymrek et al. 2015)
suggest that microsatellites are more likely to alter gene expression in a linear fashion
(Figure 5.5).
At microsatellite loci comp47993, comp26672, comp41936 and comp 45709,
repeat lengths were inversely correlated to gene expression (Table 5.6, Figure 5.5).
Independent studies have previously reported that shorter microsatellite allele lengths can
lead to an increase in gene expression levels. Morris et al. (2010) reported elevated levels
of gene expression at a transcription factor gene associated with pathogenesis of systemic
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lupus erythematosus when the length of a microsatellite found in the promoter region was
short. Similar trends were reported in insulin-like growth factor II gene in humans
(Paquette et al. 1998) while Hamada et al. (1984) demonstrated this trend with
chemically synthesized TG and CA repeats. Although not statistically significant, at
comp25013, microsatellite allele length was positively correlated to gene expression. In a
study conducted on prairie voles, Hammock and Young (2005) reported a similar pattern
with longer microsatellite alleles linked to increased expression in avpr1a gene which in
that turn induced pair bonding and parental care in the prairie voles. In the human
serotonin transporter gene (5HTT), shorter alleles of a microsatellite located in the
promoter region were linked to decreased levels of expression leading to anxiety-related
personality traits (Lesch et al. 1996). Although several studies have demonstrated distinct
patterns of correlation between microsatellite allele length and gene expression, the
mechanisms by which they may be able to alter gene expression levels are not entirely
clear. Both in vivo and in vitro studies have suggested several mechanisms by which
microsatellites may be able to regulate gene expression. Some of the proposed
mechanisms include affecting nucleosome positioning thereby altering chromatin
structure (Godde and Wolffe 1996; Sandman and Reeve 1999; Tomita et al. 2002; Vinces
et al. 2009), formation of Z-DNA (Naylor and Clark 1990; Rothenburg et al. 2001),
altering distance between promoter elements (van Ham et al. 1993; Willems et al. 2014),
changing RNA structure thereby affecting transcript stability (Tian et al. 2000; Galvão et
al. 2001), and most notably, altering transcription factor binding sites (Johnson et al.
1988; Contente et al. 2002; Martin et al. 2005).
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Here, we detected trends between microsatellite allele length and gene expression
consistent with that observed in a previous study (Chapter III) at all five eSTRs studied
and these trends were significant in two of the five eSTRs (comp26672, comp45709)
(Table 5.6, Figure 5.5). A BLASTX search against the H.annuus protein sequence
database revealed the putative functions of the eSTR-containing genes (Table 5.2). Of the
two eSTR-containing genes where microsatellite allele length significantly correlated
with gene expression, comp45709 was identified as a member of the cytochrome p450
family (Table 5.2) known for their role in a vast array of growth and developmental
processes in plants (Xu et al. 2015). Members of the CYP86A group are known for their
roles in cuticular wax biosynthesis in plants (Xiao et al. 2004; Serra et al. 2009), and
CYP86A22 specifically, has been identified for encoding a fatty acyl-CoA omegahydroxylase involved in estolide biosynthesis (Han et al. 2010). Its activity has been most
notable in the stigma while low levels of expression have been reported in other tissues
such as leaves, stems, and roots (Han et al. 2010). Collectively, our results based on
comp45709 suggest that shorter alleles at the microsatellite located in its 5’UTR are
associated with higher levels of gene expression and, although not statistically
significant, the observed trend between allele length and latitude suggest that shorter
alleles may be favored in higher latitudes (Figure 5.7). Previous studies have
demonstrated that plant cuticular wax composition and production could increase with
colder temperatures and lower humidity levels (Baker 1974; Riederer and Schneider
1990). This trend could be explained on the basis that in low humidity, plants may
attempt to reduce cuticular transpiration by means of excess wax deposition as an
adaptation to environmental stress (Koch et al. 2006). The patterns of variation in
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microsatellite allele length and associated gene expression levels at comp45709 whose
putative functions are related to wax biosynthesis are consistent with these reported
trends. It can be speculated that shorter microsatellite alleles at comp45709 associated
with higher levels of gene expression may be favored in higher latitudes where mean
annual temperatures and humidity are relatively low and vice versa.
BLASTX search against the H. annuus protein sequence database identified
comp26672 as the gene responsible for producing CHUP1 protein (Table 5.2).
Chloroplast unusual positioning 1 (CHUP1) gene was first identified by Oikawa et al.
(2003) as a unique gene that produces a protein essential for organellar positioning and
movement within plant cells. Of particular interest is the movement of chloroplasts in
response to light. Under low light conditions, chloroplasts are located along the periclinal
cell walls maximizing their potential to harvest sufficient sunlight. However, under high
light conditions, chloroplasts move toward anticlinal walls to minimize potential
photodamage. It has been reported that if chloroplasts do not redistribute normally under
continuous high light intensity, it could result in severe photodamage and necrosis
(Kasahara et al. 2002). In line with this evidence, it is reasonable to assume that plants
growing in environments where periods of excess light are long should evolve regulatory
mechanisms to minimize photodamage. In such environments where efficient relocation
of chloroplasts is essential for survival, higher levels of expression in genes such as
CHUP1 may be favored. In the current study, we detected a significant microsatellite
allele length effect on gene expression of locus comp26672 (CHUP1) with shorter alleles
associated with higher levels of gene expression (Figure 5.5). Furthermore, we also
detected a significant positive correlation between the comp26672 microsatellite allele
151

length and latitude with shorter alleles being favored in lower latitudes (Figure 5.6).
Collectively, based on these results, we can speculate that shorter microsatellite alleles
associated with higher levels of expression in CHUP1 may be favored in lower latitudes
where photodamage due to periods of excess light is likely to occur.
The location of microsatellites within genes could be vital in determining the
potential mechanisms by which they may be able to regulate gene expression. In this
study, we investigated four microsatellites located within 5’UTRs and one in the coding
region (Table 5.2). Although much is known about likely mechanisms involving
microsatellites located in 5’UTRs such as their ability to function as transcription factor
binding sites (Kumar and Bhatia 2016), cis-regulatory mechanisms involving coding
region microsatellites are relatively unknown. Results from our analysis of transcribed
microsatellites in H. annuus (Chapter III) and those from (Gymrek et al. 2015) based on
the human genome, both suggest the presence of coding region microsatellites with
significant allele length effects on gene expression. Beyond the general mechanisms
linking triplet repeats to changes in nucleosome binding thereby affecting gene
expression (Sandman and Reeve 1999; Wang 2007), not much could be construed about
coding region eSTRs specifically. Our results based on the coding region microsatellite in
comp26672 warrant further studies to untangle the mechanisms that could explain their
role in cis-regulation.
Our findings from this study demonstrate that microsatellites located in the
transcribed regions may play a significant role in local adaptation of H. annuus. The
current study identified significant, linear trends between allele length and gene
expression at comp26672 and comp45709 across a wider latitudinal range to that
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explored in Chapter III. The putative functions associated with these two genes coupled
with linear trends in microsatellite allele length observed across a latitudinal gradient
suggest that fine tuning by means of microsatellites may be favored in genes essential for
local adaption.
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CHAPTER VI
SUMMARY
This dissertation work was primarily focused on understanding the role that
transcribed microsatellites may play in generating adaptive genetic variation. We used
natural populations of common sunflower transecting a latitudinal cline as a model
system to address fundamental questions about microsatellites that have been raised and
yet are not adequately answered. These highly mutable, abundantly available repetitive
elements of the genome have been widely disregarded as non-functional and
evolutionarily irrelevant. However, several empirical studies have demonstrated that
microsatellites can function as adaptive mutators that can generate heritable genetic
variation at a rate that is far greater than once assumed possible. To this end, research has
linked variation in microsatellites to changes in several phenotypic characteristics in
multiple species which includes skeletal morphology of the domesticated dogs (Fondon
and Garner 2004), social behavior changes in voles (Hammock and Young 2005),
thermal sensitivity in fruit flies (Costa et al. 1991), and pathogenicity in bacterial species
(Moxon et al. 1994, 2006).
In the late 1990’s, a model proposed to explain the functionality of microsatellites
compared microsatellites to evolutionary “tuning knobs’ suggesting that stepwise
changes in microsatellite allele length can lead to stepwise changes in phenotypes (Kashi
et al. 1997; King et al. 1997; Trifonov 2004). In this dissertation we tested the predictions
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of the aforementioned tuning knob model at the level of gene expression in common
sunflower. Specifically, we tested the potential role of transcribed microsatellites in
common sunflower by assessing their distribution across the transcriptome of common
sunflower, identifying microsatellite loci that showed a significant allele length effect on
gene expression, and searching for signatures of strong selection acting on them.
This dissertation work has been mainly based on a focal study conducted with six
natural populations of common sunflower from two latitudinal locations in Kansas and
Oklahoma grown in a common garden. A total number of 95 individuals grown in the
common garden were used to conduct an RNA-Seq experiment. The data obtained from
this focal RNA-Seq experiment have been used in a number of different approaches to
test the predictions of the tuning knob model. In Chapter II, we broadly addressed the
hypothesis that transcribed microsatellites play a role in gene expression divergence
among latitudinal populations of common sunflower. We predicted that in line with the
proposed functional role for transcribed microsatellites, differentially expressed genes
between latitudinal populations would harbor more microsatellites than non-differentially
expressed genes. Contrary to this first hypothesis, we found that there was no significant
difference between frequencies of microsatellites located within differentially and nondifferentially expressed genes. However, our results suggested that mononucleotide
repeats and repeat motifs, A and AG are enriched within differentially expressed genes.
Furthermore, we identified the likely locations of the microsatellites within the
differentially expressed genes. Based on the enrichment of specific types of
microsatellites within differentially expressed genes and their presence within 5’UTR,
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3’UTR, and coding regions provide strong evidence to suggest that microsatellites can
play a functional role in gene expression divergence in common sunflower.
Chapter III explores the predictions of the tuning knob model with the data
obtained from the RNA-Seq experiment. Of the 3325 microsatellites that could be
successfully genotyped across a sufficient number of individuals, a total number of 479
microsatellites located within 449 genes were identified for significant correlation
between allele length and gene expression in common sunflower. These transcribed
microsatellites termed “eSTRs” were further studied for their presence in specific regions
within genes. Our analyses revealed that 42.1% of the eSTRs were located within
5’UTRs, 29.6% in coding regions, and 28.3% in 3’UTRs. Furthermore, a GO analysis
conducted on the eSTR-containing genes revealed that they are enriched for GO terms
associated with cis- and trans-regulatory processes. The data suggest that a substantial
number of transcribed microsatellites contribute to gene expression regulation and that
they are well positioned to do so in a number of different mechanisms. Collectively, these
results from Chapter III are consistent with the proposed gene regulatory role for
transcribed microsatellites in common sunflower. It is also interesting to note the number
of eSTRs identified in this study given that the study was limited to populations from a
narrow latitudinal range and microsatellites that could be successfully genotyped.
Considering these limitations, the number of eSTRs detected in this study indicate that
the number of functional microsatellites in genomes and the magnitude of their role in
adaptive evolution of species could be clearly undervalued.
In Chapter IV, we tested the hypothesis that transcribed microsatellites that can
contribute to gene expression variation are under stronger selective pressures compared
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to microsatellites found predominantly in nonfunctional regions of the genome that are
assumed to evolve in a neutral fashion. In order to test this hypothesis, we conducted an
extensive population genetic study involving 672 individuals from 17 natural populations
of common sunflower across the latitudinal range from Saskatchewan to Oklahoma. We
used genetic diversity estimates, outlier detection analyses, and population structure
analyses to estimate strength of selection acting on 13 eSTRs in comparison to 19
anonymous microsatellites that are assumed to evolve in a neutral fashion. Results from
the population genetic study indicated strong signatures of selection at eSTRs compared
to anonymous microsatellites which indicates that different allele lengths at eSTRs may
be favored under diverse environmental conditions. Furthermore, we detected four eSTRs
where latitude explained a significant portion of the allele length variation across the
range which suggests that shorter or longer alleles may be favored in environments where
conditions are even more extreme than the locations considered in the focal study.
Chapter V explored the consistency of the patterns of correlation between
microsatellite allele length and gene expression exhibited by five of the identified eSTRs
across a wider latitudinal range than that investigated in the focal study. We hypothesized
that the observed patterns of correlation between microsatellite allele length and gene
expression will remain consistent across a wider latitudinal range. In order to test this
hypothesis, we conducted a second common garden experiment with six natural
populations of common sunflower from latitudes further north (Nebraska) and south
(Texas) of the populations previously studied. We used qRT-PCR to quantify gene
expression at the five eSTRs selected for this study and genotyped them with traditional
fragment analysis techniques. We then employed linear regression models to estimate the
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effect of eSTR allele length on gene expression at the five eSTRs. Of the five eSTRs
studied, two (comp25013 and comp45709) demonstrated significant allele length effect
on gene expression which suggests that relationships observed between microsatellite
allele length and gene expression at the 479 eSTRs in Chapter III are likely to remain
consistent across a wider latitudinal range for at least some of the microsatellite loci.
Using the eSTR genotype data obtained in Chapter IV and V we tested a secondary
hypothesis that latitude will explain a significant portion of the allele length variation
across latitudes in eSTRs which would suggest that longer or shorter alleles could be
favored in extreme environments. We detected significant correlation between latitude
and microsatellite allele length at one of the eSTRs studied (comp26672). The results
from Chapter V provide strong evidence to suggest that the relationships observed
between microsatellite allele length and gene expression at eSTRs are likely to be
consistent across diverse landscapes which further emphasizes the role that transcribed
microsatellites can play in adaptive evolution of common sunflower.
The collective results from this dissertation provide strong support for the
predictions of the tuning knob model. This study demonstrates that transcribed
microsatellites are likely to play a role in gene expression divergence, can directly
influence gene expression levels in a stepwise manner, and that this variation observed at
transcribed microsatellites is under strong directional selection in common sunflower
populations across diverse environmental conditions. These positive results obtained
from a focal study focusing on a narrow latitudinal range and limited to transcribed
microsatellites alone demonstrate that the impact of these ubiquitous, highly mutable
repetitive elements on adaptive evolution of genomes could be vastly overlooked.
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SUPPLEMENTARY MATERIAL – CHAPTER II
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Supplementary Note
Percentage of mapped reads
To assess the percentage of reads mapped to the reference transcriptome at each
of the 95 individuals, we used the SAMtools flagstat function on each of the 94 BAM
format files generated following the initial mapping step. The percentage of reads
mapped to the reference ranged between 77.21 – 88.44 % with an average of 84.5%. The
percentage of reads mapped could be considered a measurement of the number of
transcripts shared between the reference transcriptome and the other samples. We
conducted further analyses to assess whether the ~15% of the generated reads that were
not mapped to the reference transcriptome represented transcripts found across most
individuals but absent in the reference.
Additional transcriptomes
Five additional transcriptomes from individuals, KS2-10 (Ref_132), LC-5
(Ref_142), KS1-18 (168), KS1-31 (Ref_170), and OK1-22 (Ref_174) were built with
Trinity. The program LAST (Kielbasa et al. 2011) was then used to assess sequence
similarity between each new transcriptome and the original reference transcriptome. The
reference transcriptome was used as the LAST database file and each new transcriptome
was used as the input file in separate runs. The output files in multiple alignment format
were then converted to BLAST format to retrieve sequence similarity estimates. These
estimates indicated 80 - 81% sequence similarity between each of the new transcriptomes
and the original reference transcriptome (Table A.1).
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Table A.1

Sequence similarity estimates between each new reference transcriptome
and the original reference transcriptome

Transcriptome

Sample

Ref_170
Ref_132
Ref_146
Ref_174
Ref_142

KS1-31
KS2-10
KS1-18
OK1-22
LC-5

Average percent sequence similarity to the
original reference transcriptome
80.70%
80.80%
80.40%
80.70%
81.10%

Commonly identified transcripts
Each of the new transcriptomes and the original reference transcriptome were
then used in a BLASTX search against the Helianthus annuus protein database to identify
sunflower unigenes represented in the transcriptomes. The BLASTX parameters used in
this search are included in the Materials and Methods section. BLASTX output files were
first filtered with VennBLAST (Zahavi et al, 2015). The parameters used include
minimum percent identity of 70, minimum alignment length of 100 bp, number of
mismatches allowed at 30, E-value cutoff of 0.00001, minimum bit score of 100, and
minimum percent coverage of 40. The “merge” option in the VennBLAST program was
then used to identify the number of transcripts commonly identified by each of the new
transcriptomes (query) and the original reference transcriptome (subject). We then
repeated the same analyses between the new transcriptome pairs to assess the number of
genes that may be shared among the new transcriptomes but not represented in our
original reference transcriptome. If the number of transcripts shared among the new
transcriptomes was higher than that shared between each new transcriptome and the
original reference, it would indicate that a substantial percentage of genes expressed
across individuals may not be represented in the original reference. This would
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potentially bias the results from downstream analyses conducted using the original
reference transcriptome. Similarly, if the number of transcripts shared between each of
the new transcriptomes and the original reference is higher or similar to that shared
among the new transcriptomes, it would indicate that the original reference adequately
represent majority of the transcripts expressed across all individuals. The results from the
analyses were consistent with this second outcome which demonstrates that the ~85% of
the reads mapped to the original reference represent the majority of genes expressed
across the 95 individuals and that the remaining unmapped reads may represent less
commonly expressed genes found in a single or few samples (Table A.2). Of the
transcripts founds in each of the new transcriptomes, 84% - 86% were shared with the
original reference transcriptome. The results from the VennBLAST analysis showing the
number of transcripts commonly identified in each transcriptome comparison is given
below in Table A.2.
Table A.2

Number of transcripts shared among the reference transcriptomes

Original reference Ref_132 Ref_142 Ref_168 Ref_170
Ref_132 14387 (85%)
Ref_142 14396 (86%)
14346
Ref_168 14187 (84%)
14375
14095
Ref_170 13970 (85%)
14205
13946
14158
Ref_174 14292 (85%)
14390
14256
14233
13973
The additional transcriptomes built for these analyses have been uploaded to Dryad (doi:
10.5061/dryad.056rf).
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Supplementary Tables
Table A.3

Voucher details for common sunflower (Helianthus annuus L.) populations
from Kansas (KS) and Oklahoma (OK) used in this studya

Accession numberb
Population Collection locality
Geographic coordinates
MISSA032442
OK3
Oklahoma, Oklahoma 35023’N, 97022’W
MISSA032444
OK2
Cleveland, Oklahoma 3506’N, 97012’W
MISSA032447
OK1
Cleveland, Oklahoma 3505’N, 97020’W
MISSA032446
LC
Jefferson, Kansas
39028’N, 95022’W
Vouchers not
KS1
Nortonville, Kansas
39046’N, 95037’W
deposited
Vouchers not
KS2
Powhattan, Kansas
39075’N, 95072’W
deposited
a
Vouchers are deposited at the Mississippi State University herbarium
b
Collector: S. Pramod
Table A.4

Summary statistics on transcriptome analysis using Illumina Hiseq 2500 for
95 common sunflower (Helianthus annuus L.) plants from Kansas and
Oklahoma

Table A.4 has been archived in the Mississippi State University Institutional Repository
(http://hdl.handle.net/11668/14205)
Table A.5

Differentially expressed (DE) transcripts identified by both edgeR and
DESeq between populations of common sunflower (Helianthus annuus L.)
from two latitudes in Kansas and Oklahoma grown in a common garden

Table A.5 has been archived in the Mississippi State University Institutional Repository
(http://hdl.handle.net/11668/14205)
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Table A.6

BLASTX search results for microsatellite-containing DE genes.

Query ID

H. annuus Subject ID

%identity

comp1167_c0_seq1
comp121913_c0_seq1
comp146904_c0_seq1
comp167242_c0_seq1
comp17939_c0_seq1
comp19296_c0_seq1
comp194389_c0_seq1
comp20597_c0_seq1
comp213111_c0_seq1
comp23299_c0_seq1
comp25183_c0_seq1
comp25455_c0_seq1
comp26369_c0_seq1
comp26481_c0_seq1
comp27187_c0_seq1
comp28995_c0_seq1
comp29399_c0_seq1
comp30266_c0_seq1
comp32655_c1_seq1
comp33047_c2_seq1
comp34174_c1_seq1
comp34443_c0_seq1
comp352074_c0_seq1
comp35590_c1_seq1
comp35630_c0_seq1
comp35659_c0_seq1
comp35855_c0_seq1
comp36324_c0_seq1
comp36639_c0_seq1
comp37359_c0_seq1
comp37379_c0_seq1
comp37835_c0_seq1
comp37970_c0_seq1
comp38177_c0_seq1
comp38297_c0_seq1
comp38435_c0_seq1
comp38493_c1_seq1
comp38733_c0_seq1
comp39559_c0_seq1
comp407131_c0_seq1

Ha15_00040139-RA
Ha8_00041349-RA
Ha6_00047474-RA
Ha7_00046493-RA
Ha6_00048853-RA
Ha1_00043970-RA
Ha5_00006480-RA
Ha6_00048339-RA
Ha6_00047877-RA
Ha13_00017105-RA
Ha4_00023925-RA
Ha3_00036815-RA
Ha16_00021420-RA
Ha9_00012509-RA
Ha11_00030248-RA
Ha17_00009352-RA
Ha9_00012045-RA
Ha15_00039349-RA
Ha13_00017041-RA
Ha3_00036536-RA
Ha10_00003677-RA
Ha3_00037434-RA
Ha15_00039011-RA
Ha13_00016256-RA
Ha5_00007276-RA
Ha7_00046893-RA
Ha11_00030198-RA
Ha14_00018093-RA
Ha4_00025139-RA
Ha6_00049228-RA
Ha15_00038473-RA
Ha13_00014719-RA
Ha4_00026091-RA
Ha3_00034553-RA
Ha7_00046826-RA
Ha4_00025976-RA
Ha17_00007782-RA
Ha12_00034042-RA
Ha16_00022310-RA
Ha2_00026469-RA

96.23
91.23
99.39
61.54
54.93
26.62
100
96.25
93.33
91.53
58.4
85.19
97.66
59.46
66.67
56.67
99.48
53.13
42.67
63.86
56.41
47.49
81.82
61.29
76.19
100
83.33
100
96.72
100
75.86
94.42
54.97
95.65
75
72.75
83.33
98.25
75.49
97.33
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Query
start
1
251
1611
234
93
1129
1152
2
90
1
2059
58
565
206
608
457
95
773
85
3
707
44
257
10
493
121
101
767
451
214
244
1560
79
1342
216
1201
164
19
536
569

Query
end
318
81
148
118
290
725
400
241
1
177
3666
138
182
105
697
17
673
1054
309
857
937
1132
355
102
368
528
190
276
633
74
330
136
570
1274
347
2433
39
1029
1294
120

E-value
1E-70
2E-27
0
4E-08
2E-15
0.000006
2E-152
5E-51
8E-09
1E-27
0
2E-09
4E-87
0.000007
0.000008
2E-43
4E-129
3E-16
0.0000006
3E-127
4E-17
6E-108
6E-13
0.00003
1E-13
2E-97
1E-14
9E-119
1E-30
3E-33
0.00002
0
1E-36
0.00002
1E-12
0
0.000001
0
4E-145
5E-91

Bit
score
221
102
928
49.7
72.4
47.8
436
168
56.2
108
669
55.5
265
46.2
47
152
369
81.6
47.4
377
60.5
329
64.7
41.6
68.2
285
50.8
342
115
101
44.3
696
130
44.7
69.3
626
47.8
691
400
279

Table A.6 (continued)
comp40721_c0_seq1
comp41026_c0_seq1
comp41129_c0_seq1
comp41641_c0_seq1
comp41868_c0_seq1
comp41994_c0_seq1
comp42035_c0_seq1
comp42085_c0_seq1
comp42494_c1_seq1
comp42550_c1_seq1
comp42738_c0_seq1
comp43459_c0_seq1
comp43569_c0_seq1
comp43733_c1_seq1
comp440415_c0_seq1
comp44552_c0_seq1
comp44690_c0_seq1
comp44919_c1_seq1
comp45400_c0_seq1
comp45698_c0_seq1
comp46287_c0_seq1
comp47173_c2_seq1
comp47318_c0_seq1
comp47494_c0_seq1
comp47919_c1_seq1
comp48338_c0_seq1
comp48346_c0_seq1
comp48828_c1_seq1
comp48969_c1_seq1
comp49667_c0_seq1
comp50054_c0_seq1
comp50061_c1_seq1
comp50488_c1_seq1
comp50559_c0_seq1
comp50585_c1_seq1
comp50623_c0_seq1
comp50663_c2_seq1
comp51123_c0_seq1
comp51223_c0_seq1
comp51439_c1_seq1
comp51492_c2_seq1
comp51507_c0_seq1
comp51575_c0_seq1
comp54871_c0_seq1
comp56583_c0_seq1

Ha17_00009412-RA
Ha8_00041438-RA
Ha1_00044548-RA
Ha5_00006938-RA
Ha9_00013159-RA
Ha11_00029619-RA
Ha3_00034369-RA
Ha3_00035640-RA
Ha11_00030256-RA
Ha11_00030107-RA
Ha13_00014732-RA
Ha17_00009761-RA
Ha2_00028304-RA
Ha5_00004434-RA
Ha8_00041359-RA
Ha1_00043871-RA
Ha5_00006830-RA
Ha9_00013647-RA
Ha1_00045326-RA
Ha6_00048868-RA
Ha9_00012704-RA
Ha1_00045204-RA
Ha3_00036933-RA
Ha13_00015806-RA
Ha1_00044613-RA
Ha5_00004502-RA
Ha14_00018181-RA
Ha14_00020520-RA
Ha16_00022572-RA
Ha1_00044415-RA
Ha2_00028311-RA
Ha11_00030152-RA
Ha9_00013564-RA
Ha7_00047420-RA
Ha11_00030251-RA
Ha9_00013332-RA
Ha10_00002470-RA
Ha4_00024324-RA
Ha17_00009968-RA
Ha15_00038510-RA
Ha15_00038569-RA
Ha11_00030475-RA
Ha6_00047480-RA
Ha2_00028302-RA
Ha4_00026156-RA

80.43
92.05
36.69
98.45
85.06
99.34
72.41
73.86
68.09
83.97
94.74
40.22
64.04
50.39
94.12
64.29
83.23
70.15
86.36
99.28
91.67
51.32
100
42.86
80.95
88
62.61
44.32
90.48
56.95
67.21
71.79
99.69
59.77
85.92
80.17
42.47
71.17
81.48
94.89
68.54
87.69
39.22
95.93
62.09
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856
2
161
1547
870
136
770
1821
574
581
1593
1612
876
2941
89
588
1551
684
1
62
1137
1257
603
421
149
161
1934
118
129
779
154
1453
543
959
61
505
474
1068
178
1526
24
334
3822
545
1140

993
262
664
192
94
591
597
571
714
958
1537
836
1352
4713
187
505
163
1466
66
475
1030
1469
508
254
274
235
186
279
368
1216
1599
1337
3449
699
1404
867
274
1889
258
822
290
140
3151
177
136

1E-18
5E-42
2E-27
0
2E-133
3E-93
7E-20
0
4E-10
4E-68
0.00001
4E-50
3E-45
4E-177
8E-15
0.000002
0
3E-134
0.00003
2E-93
2E-13
1E-10
6E-15
0.000001
8E-16
4E-08
0
0.0000003
4E-45
4E-29
8E-160
1E-09
0
9E-19
0
2E-62
0.000004
2E-121
0.00001
1E-150
7E-29
9E-29
1E-46
3E-67
2E-141

76.6
146
107
897
383
278
89
570
61.6
217
45.4
182
169
573
65.9
45.4
730
389
45.4
282
68.9
63.9
69.7
47
73.6
49.7
694
48.9
147
112
515
57
1775
89.4
711
192
46.6
379
46.2
441
116
123
176
208
410

Table A.7

Distribution of microsatellite motif types within DE genes

Query ID
comp194389_c0_seq1
comp26369_c0_seq1
comp26481_c0_seq1
comp35630_c0_seq1
comp36324_c0_seq1
comp37835_c0_seq1
comp407131_c0_seq1
comp42035_c0_seq1
comp42085_c0_seq1
comp43459_c0_seq1
comp44552_c0_seq1
comp44552_c0_seq1
comp46287_c0_seq1
comp47318_c0_seq1
comp48346_c0_seq1
comp50061_c1_seq1
comp50559_c0_seq1
comp50663_c2_seq1
comp51575_c0_seq1
comp54871_c0_seq1
comp56583_c0_seq1
comp20597_c0_seq1
comp23299_c0_seq1
comp25183_c0_seq1
comp29399_c0_seq1
comp32655_c1_seq1
comp33047_c2_seq1
comp35590_c1_seq1
comp35855_c0_seq1
comp36639_c0_seq1
comp37379_c0_seq1
comp37379_c0_seq1
comp38297_c0_seq1
comp38435_c0_seq1
comp38733_c0_seq1
comp38733_c0_seq1

Subject ID
Ha5_00006480-RA
Ha16_00021420-RA
Ha9_00012509-RA
Ha5_00007276-RA
Ha14_00018093-RA
Ha13_00014719-RA
Ha2_00026469-RA
Ha3_00034369-RA
Ha3_00035640-RA
Ha17_00009761-RA
Ha1_00043871-RA
Ha1_00043871-RA
Ha9_00012704-RA
Ha3_00036933-RA
Ha14_00018181-RA
Ha11_00030152-RA
Ha7_00047420-RA
Ha10_00002470-RA
Ha6_00047480-RA
Ha2_00028302-RA
Ha4_00026156-RA
Ha6_00048339-RA
Ha13_00017105-RA
Ha4_00023925-RA
Ha9_00012045-RA
Ha13_00017041-RA
Ha3_00036536-RA
Ha13_00016256-RA
Ha11_00030198-RA
Ha4_00025139-RA
Ha15_00038473-RA
Ha15_00038473-RA
Ha7_00046826-RA
Ha4_00025976-RA
Ha12_00034042-RA
Ha12_00034042-RA
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Standardized motif
A
AT
A
AG
AT
AAG
A
A
AGC
C
A
ACC
AC
A
A
AAT
A
A
AC
AC
AT
AC
AAT
AT
A
A
A
A
AT
A
ACC
AG
ACC
AAT
AATC
AT

Region
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR

Table A.7 (continued)
comp41026_c0_seq1
comp42550_c1_seq1
comp43733_c1_seq1
comp44919_c1_seq1
comp45400_c0_seq1
comp45400_c0_seq1
comp45400_c0_seq1
comp45698_c0_seq1
comp47173_c2_seq1
comp47919_c1_seq1
comp48338_c0_seq1
comp48828_c1_seq1
comp49667_c0_seq1
comp50623_c0_seq1
comp51223_c0_seq1
comp51223_c0_seq1
comp121913_c0_seq1
comp167242_c0_seq1
comp19296_c0_seq1
comp213111_c0_seq1
comp28995_c0_seq1
comp37359_c0_seq1
comp38493_c1_seq1
comp38493_c1_seq1
comp407131_c0_seq1
comp41641_c0_seq1
comp41641_c0_seq1
comp42738_c0_seq1
comp44690_c0_seq1
comp47494_c0_seq1
comp47494_c0_seq1
comp50061_c1_seq1
comp50663_c2_seq1
comp51507_c0_seq1
comp51575_c0_seq1
comp17939_c0_seq1
comp25455_c0_seq1
comp27187_c0_seq1
comp30266_c0_seq1
comp30266_c0_seq1
comp34174_c1_seq1
comp34174_c1_seq1
comp34443_c0_seq1
comp352074_c0_seq1
comp35659_c0_seq1
comp36639_c0_seq1

Ha8_00041438-RA
Ha11_00030107-RA
Ha5_00004434-RA
Ha9_00013647-RA
Ha1_00045326-RA
Ha1_00045326-RA
Ha1_00045326-RA
Ha6_00048868-RA
Ha1_00045204-RA
Ha1_00044613-RA
Ha5_00004502-RA
Ha14_00020520-RA
Ha1_00044415-RA
Ha9_00013332-RA
Ha17_00009968-RA
Ha17_00009968-RA
Ha8_00041349-RA
Ha7_00046493-RA
Ha1_00043970-RA
Ha6_00047877-RA
Ha17_00009352-RA
Ha6_00049228-RA
Ha17_00007782-RA
Ha17_00007782-RA
Ha2_00026469-RA
Ha5_00006938-RA
Ha5_00006938-RA
Ha13_00014732-RA
Ha5_00006830-RA
Ha13_00015806-RA
Ha13_00015806-RA
Ha11_00030152-RA
Ha10_00002470-RA
Ha11_00030475-RA
Ha6_00047480-RA
Ha6_00048853-RA
Ha3_00036815-RA
Ha11_00030248-RA
Ha15_00039349-RA
Ha15_00039349-RA
Ha10_00003677-RA
Ha10_00003677-RA
Ha3_00037434-RA
Ha15_00039011-RA
Ha7_00046893-RA
Ha4_00025139-RA
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AAAAC
A
AAG
ACC
A
AC
C
AT
ATC
AAC
A
AAC
AT
AT
A
AG
ACC
A
AAC
AG
A
AG
ACG
AG
AAT
AG
AG
AAAC
AAG
AAG
AG
A
AT
A
AG
C
AC
AAC
A
C
A
AG
AAACAC
A
AT
ATC

3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
3'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR

Table A.7 (continued)
comp39559_c0_seq1
comp39559_c0_seq1
comp40721_c0_seq1
comp41129_c0_seq1
comp41129_c0_seq1
comp41994_c0_seq1
comp42494_c1_seq1
comp43569_c0_seq1
comp440415_c0_seq1
comp440415_c0_seq1
comp44919_c1_seq1
comp48969_c1_seq1
comp51123_c0_seq1
comp51492_c2_seq1
comp146904_c0_seq1
comp37359_c0_seq1
comp37835_c0_seq1
comp38177_c0_seq1
comp41868_c0_seq1
comp41868_c0_seq1
comp42085_c0_seq1
comp50663_c2_seq1
comp51439_c1_seq1
comp1167_c0_seq1
comp29399_c0_seq1
comp34443_c0_seq1
comp37970_c0_seq1
comp41129_c0_seq1
comp50054_c0_seq1
comp50488_c1_seq1
comp50585_c1_seq1
comp50585_c1_seq1

Ha16_00022310-RA
Ha16_00022310-RA
Ha17_00009412-RA
Ha1_00044548-RA
Ha1_00044548-RA
Ha11_00029619-RA
Ha11_00030256-RA
Ha2_00028304-RA
Ha8_00041359-RA
Ha8_00041359-RA
Ha9_00013647-RA
Ha16_00022572-RA
Ha4_00024324-RA
Ha15_00038569-RA
Ha6_00047474-RA
Ha6_00049228-RA
Ha13_00014719-RA
Ha3_00034553-RA
Ha9_00013159-RA
Ha9_00013159-RA
Ha3_00035640-RA
Ha10_00002470-RA
Ha15_00038510-RA
Ha15_00040139-RA
Ha9_00012045-RA
Ha3_00037434-RA
Ha4_00026091-RA
Ha1_00044548-RA
Ha2_00028311-RA
Ha9_00013564-RA
Ha11_00030251-RA
Ha11_00030251-RA

176

AG
AT
CCG
A
AC
AC
A
ATC
AG
AG
ACC
ATC
AT
AAG
AAAC
A
AGC
ATC
AAG
ATC
AAG
A
AAC
ACT
AAG
ATC
AGG
A
ATC
ATC
AAG
AGC

5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
coding
coding
coding
coding
coding
coding
coding
coding
coding
coding
coding
coding
coding
coding
coding
coding
coding
coding

Table A.8

GO Term

GO terms enriched within microsatellite-containing differentially expressed
(DE) transcripts between populations of common sunflower (Helianthus
annuus L.) from two latitudes in Kansas and Oklahoma grown in a common
garden
Description

GO:0018205*

peptidyl-lysine
modification

GO:0016569

chromatin
modification

GO:0018022

GO:0006325

Category

P-value

FDR
q-value

Enrichment
(N, B, n, b)

9.29E-06

3.06E-02

28.85 (11942,
18, 92, 4)

BP

1.99E-04

3.28E-01

13.66 (11942,
38, 92, 4)

peptidyl-lysine
methylation

BP

3.49E-04

3.83E-01

64.9 (11942,4,
92,2)

chromatin
organization

BP

5.79E-04

4.77E-01

10.38
(11942, 50, 92,
4)

BP
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Genes
AT2G23740 histone-lysine nmethyltransferase
SUVR5, AT3G14980
- histone h3
acetyltransferase idm1
AT1G14030 [fructose-bisphosphate
aldolase]-lysine nmethyltransferase
AT3G24870 helicase/santassociated, DNA
binding protein
AT2G23740 histone-lysine nmethyltransferase
SUVR5, AT3G14980
- histone h3
acetyltransferase idm1
AT1G50410 - snf2
and helicase domaincontaining protein
AT3G24870 helicase/santassociated, DNA
binding protein
AT2G23740 histone-lysine nmethyltransferase
SUVR5
AT1G14030 [fructose-bisphosphate
aldolase]-lysine nmethyltransferase
AT2G23740 histone-lysine nmethyltransferase
SUVR5, AT1G50410
- snf2 and helicase
domain-containing
protein
AT3G14980 - histone
h3 acetyltransferase
idm1, AT3G24870 helicase/santassociated, DNA
binding protein

Table A.8 (continued)

GO:0016570

histone
modification

BP

7.01E-04

4.62E-01

16.93
(11942, 23, 92,
3)

GO:0016278

lysine Nmethyltransferase
activity

MF

5.78E-04

8.60E-01

51.92 (11942,
5, 92,2)

GO:0016279

protein-lysine Nmethyltransferase
activity

MF

5.78E-04

4.30E-01

51.92 (11942,
5, 92, 2)

AT2G23740 histone-lysine nmethyltransferase
SUVR5
AT3G14980 - histone
h3 acetyltransferase
idm1, AT3G24870 helicase/santassociated, DNA
binding protein
[AT2G23740 histone-lysine nmethyltransferase
SUVR5
AT1G14030 [fructose-bisphosphate
aldolase]-lysine nmethyltransferase]
[AT2G23740 histone-lysine nmethyltransferase
SUVR5
AT1G14030 [fructose-bisphosphate
aldolase]-lysine nmethyltransferase]

The program GOrilla recognized 12150 genes by Arabidopsis thaliana gene symbols out
of 19808 gene terms entered. Only 11942 genes were associated with a GO term. P-value
is the enrichment p-value computed according to mHG or HG models. FDR q-value is
the correction of the p-value based on Benjamini-Hochberg (Benjamini & Hochberg,
1995) method. Enrichment (N, B, n, b) is defined as follows: N - total number of genes, B
– the total number of genes associated with a specific GO term, n- number of genes in the
target list (microsatellite-containing DE genes), b- number of genes in the intersection,
Enrichment – (b/n) / (B/N). BP – Biological process, MF –Molecular function.
*significance at FDR q-value < 0.05
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Supplementary Figures

Figure A.1

Multidimensional scaling (MDS) of the gene expression estimates for the
six natural populations of common sunflower from Kansas (KS) and
Oklahoma (OK) used in the focal study.

179

APPENDIX B
SUPPLEMENTARY MATERIAL – CHAPTER III
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Supplementary Note
qPCR protocol for validating RNA-Seq derived gene expression estimates
TaqMan assays for two constitutively expressed genes, actin and ubiquitin
previously designed by (Pramod et al, 2012) were used as standards. The assay probes
were ZEN double-quenched probes which contain an internal ZEN quencher, a 3’ Iowa
Black forward quencher (IABkFQ), and a 5’ 6-FAM reporter (Integrated DNA
Technologies, Coralville, Iowa, USA). Standard curves were generated for each of the
seven loci and the two standards with 1:1 serial dilutions of cDNA samples. Six
different concentrations were included in the dilution series and four individuals
representing four populations were used as replicates for generating standard curves for
each assay. Real-time PCR was carried out on an ABI StepOne Real-time PCR System
(Applied Biosystems). The reaction mix included 5 μ L (1 × concentration) of 2 × iTaq
supermix with ROX (Bio-Rad, Hercules, California, USA), 1 μ L (1 × concentration) of
the Taqman assay, 3 μ L of ddH2O, and 1 μ L of cDNA sample. The amplification
profile consisted of a 2 min hold at 50 °C, an initial denaturation step at 95 °C for 3 min,
40 cycles of denaturation at 95 °C for 30 s and annealing and elongation step at 72 ° C
for 40 s. Cycle threshold values (CT)obtained from the runs were used to generate
standard curves. We employed an ANCOVA to generate the standard curves with
individual as the discrete variable and the cDNA concentration as the continuous
variable which allowed us to account for the variation in the initial cDNA concentrations
across individuals. ANCOVA data were used to establish models to quantify relative
concentrations from CT values (Table B.2). CT values were used to estimate log cDNA
concentrations of the 48 individuals for the eSTR genes and the two standards.
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Normalized log cDNA concentrations from qPCR and normalized log transformed read
count data from RNA-seq for each individual at each locus were used to calculate log
cDNA concentration: log read count ratios (C:R ratio). Regression analyses were
performed with the calculated C: R ratios for high copy number and low copy number
loci pairs to assess concordance between gene expression estimates (Figure B.3).
Statistical analyses were conducted on JMP 9 Pro (SAS institute, Cary, North Carolina,
USA).
PCR protocol for validation of RepeatSeq derived microsatellite genotypes
PCR was performed in 10 μL volumes with ~10 ng of DNA, 2mM MgCl2,
30mM tricine (pH 8.4) –KOH, 50mM KCl, 100 μM of each dNTP, 300 nM of reverse
primer and forward primer labelled with fluorescent dye (6FAM, NED, PET), and 0.4 U
of Taq DNA polymerase.
Touchdown – PCR profiles included an initial denaturation period of 5 min at 94
0

C followed by 10 touchdown cycles of 30 s at 94 0C, 30 s at the appropriate annealing

temperature (touchdown annealing temperature = annealing temperature of the primer +
10 0C), and 30 s at 72 0C. In each successive touchdown cycle, the annealing
temperature decreases by 1 0C. The thermal cycle profiles for the remaining 25 cycles
include 30 s at 94 0C, 45 s at the appropriate annealing temperature for each primer
(Table 4.3), and 30 s at 72 0C. A final elongation step of 7 min at 72 0C was also
included.
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Supplementary Tables
Table B.1

TaqMan gene expression assays designed for seven eSTR genes in
Helianthus annuus

Assay
TaqMan Assay sequences
comp20488 P: CTTTCCACTCGCCGTTCTGCTCAAGTT
F: ACTCCGTTCTCAGTTCCTTCAACT
R: TTTGCAGGTTTCACCTCAAGTG
comp25013 P:CCGAACGGTTTTCTGATTGCTTCTCAATTT
F: GGAATATACAGCTTTCACCGAAGAA
R: CCCTCCGTTCCAGGAATGTT
comp38546 P:TGTACCGCCGGTTCGTTCCCA
F: TTTAAAAGGAGCAGGAGCAGAAG
R: GGGCCACCTCCCAAACC
comp43727 P:TCAACTGTCATGGCTGTGCACTTCTCATC
F: TGCAGCAAACAAACTTCAAGAAA
R: AGCCGGTCTGCAAGAACAAC
comp47056 P:CGCCGTTACGGAAAACAAGCTCCC
F: TCCACCATATGACTATCAATACGAAGA
R: TGTCTGATCCAGGTTTTTTAGTAAGTG
comp47327 P:TTGTTTGACCTGGCCCGCGC
F: AAAGTGAACGCATGGTTCGAT
R: CAATGAATATTGTGCTTGGAGCAT
comp47993 P:AACCCACCCTTCTTCCTTTTTTCTAACGCC
F: AGGGTTCGCTCACTTTGCA
R: GGTGAAACGGATGGAATTGC
F = Forward sequence; P = probe sequence; R = reverse sequence.
Table B.2

Standard curves generated for seven microsatellite containing contigs in
Helianthus annuus

Assay
R2
b
Mean CT Intercept [Conc]
comp20488
0.97
0.82
25.42
34.53 [CT - 34.53]/ -0.82
comp25013
0.98
0.76
22.27
30.83 [CT - 30.83]/ -0.76]
comp38546
0.97
0.71
27.37
33.41 [CT - 33.41]/ -0.71]
comp43727
0.97
0.9
29.66
36.42 [CT - 36.42]/ -0.90]
comp47056
0.97
0.81
27.75
34.63 [CT - 34.63]/ -0.81]
comp47327
0.97
0.82
28.82
34.1 [CT - 34.1]/ -0.82]
comp47993
0.98
0.76
28.63
34.63 [CT - 34.63]/- 0.76]
2
R = coefficient of determination; b = efficiency; [Conc] = log concentration estimated
from the formulae
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Table B.3

ANCOVA results for microsatellite loci with significant correlation
between allele length and log transformed gene expression in populations
of sunflower (Helianthus annuus) from Kansas and Oklahoma

Table B.3 has been archived in the Mississippi State University Institutional Repository
(http://hdl.handle.net/11668/14205)
Table B.4

ANCOVA results for microsatellite loci with significant allele length
effect on log transformed gene expression after individuals with irregular
allele lengths have been removed from the analysis

Table B.4 has been archived in the Mississippi State University Institutional Repository
(http://hdl.handle.net/11668/14205)
Table B.5

Coefficients of determination (R2) values from pairwise comparisons of
log transformed (qPCR concentration : RNA-Seq read) ratios for seven
eSTR genes

Comparisons

comp20488

comp25013

comp38546

comp20488

-

comp25013

0.771

-

comp38546

0.780

0.543

-

comp43727

0.780

0.426

0.783

-

comp47056

0.713

0.523

0.912

0.839

-

comp47327

0.841

0.551

0.666

0.820

0.962

-

comp47993

0.869

0.596

0.913

0.831

0.975

0.969
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comp43727

comp47056

comp47327

Table B.6

Gene Ontology (GO) terms enriched within eSTR genes

GO ID

GO Name

GO
Category

FDR

GO:0032774

RNA
biosynthetic
process
RNA
metabolic
process
gene
expression
nucleic acidtemplated
transcription
regulation of
RNA
biosynthetic
process
regulation of
RNA
metabolic
process
regulation of
cellular
macromolecule
biosynthetic
process
regulation of
macromolecule
biosynthetic
process
regulation of
macromolecule
metabolic
process
regulation of
nucleic acidtemplated
transcription
regulation of
transcription,
DNAtemplated
transcription,
DNAtemplated
cellular
nitrogen
compound
biosynthetic
process
heterocycle
biosynthetic
process
heterocycle
metabolic
process

BP

0.0001

5.87383E-08

64

BP

0.0001

1.81921E-08

BP

0.0001

BP

GO:0016070
GO:0010467
GO:0097659
GO:2001141

GO:0051252

GO:2000112

GO:0010556

GO:0060255

GO:1903506

GO:0006355

GO:0006351
GO:0044271

GO:0018130
GO:0046483

P-Value

1548

Freq.
test
set
0.186

Freq.
reference
set
0.091

86

2305

0.250

0.136

1.61467E-08

95

2647

0.276

0.156

0.0001

4.9974E-08

64

1541

0.186

0.091

BP

0.0001

1.08116E-07

61

1468

0.177

0.087

BP

0.0001

6.82832E-08

63

1519

0.183

0.090

BP

0.0001

8.67226E-08

66

1637

0.192

0.097

BP

0.0001

9.89321E-08

66

1643

0.192

0.097

BP

0.0001

1.04629E-07

76

2015

0.221

0.119

BP

0.0001

1.08116E-07

61

1468

0.177

0.087

BP

0.0001

1.05644E-07

61

1467

0.177

0.087

BP

0.0001

4.88284E-08

64

1540

0.186

0.091

BP

0.0001

1.31648E-07

88

2489

0.256

0.147

BP

0.0001

1.40675E-07

77

2068

0.224

0.122

BP

0.0001

1.7717E-07

110

3398

0.320

0.201
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Nr
Test

Nr
Reference

Table B.6 (continued)
GO:0010468
GO:0019219

GO:0051171

GO:0080090

GO:0031326

GO:0090304
GO:0034641

GO:0031323

GO:0006807

GO:0009889
GO:0006725

GO:0034654

GO:0019438

GO:0019222

regulation of
gene
expression
regulation of
nucleobasecontaining
compound
metabolic
process
regulation of
nitrogen
compound
metabolic
process
regulation of
primary
metabolic
process
regulation of
cellular
biosynthetic
process
nucleic acid
metabolic
process
cellular
nitrogen
compound
metabolic
process
regulation of
cellular
metabolic
process
nitrogen
compound
metabolic
process
regulation of
biosynthetic
process
cellular
aromatic
compound
metabolic
process
nucleobasecontaining
compound
biosynthetic
process
aromatic
compound
biosynthetic
process
regulation of
metabolic
process

BP

0.0001

1.73067E-07

69

1779

0.201

0.105

BP

0.0001

2.6426E-07

64

1616

0.186

0.095

BP

0.0001

3.87435E-07

69

1819

0.201

0.107

BP

0.0002

6.5787E-07

74

2036

0.215

0.120

BP

0.0002

6.87829E-07

68

1811

0.198

0.107

BP

0.0003

7.70445E-07

90

2674

0.262

0.158

BP

0.0003

1.03556E-06

116

3775

0.337

0.223

BP

0.0003

1.02983E-06

79

2255

0.230

0.133

BP

0.0004

1.37103E-06

126

4229

0.366

0.250

BP

0.0006

2.00023E-06

68

1868

0.198

0.110

BP

0.0007

2.49154E-06

111

3627

0.323

0.214

BP

0.0007

2.48281E-06

65

1766

0.189

0.104

BP

0.0007

2.65095E-06

77

2233

0.224

0.132

BP

0.0007

2.85267E-06

83

2476

0.241

0.146
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Table B.6 (continued)
GO:0034645

cellular
macromolecule
biosynthetic
process
organic cyclic
compound
biosynthetic
process
macromolecule
biosynthetic
process
nucleobasecontaining
compound
metabolic
process
organic cyclic
compound
metabolic
process
cellular
biosynthetic
process
mRNA
splicing, via
spliceosome
positive
regulation of
transferase
activity
negative
regulation of
cellular
macromolecule
biosynthetic
process
negative
regulation of
macromolecule
biosynthetic
process
cellular
macromolecule
metabolic
process
intracellular

BP

0.0011

4.4844E-06

81

2425

0.235

0.143

BP

0.0017

7.45536E-06

79

2378

0.230

0.140

BP

0.0026

1.18557E-05

81

2490

0.235

0.147

BP

0.0049

2.27022E-05

93

3034

0.270

0.179

BP

0.0067

3.19734E-05

110

3791

0.320

0.224

BP

0.0223

0.000113998

110

3907

0.320

0.231

BP

0.0273

0.000158361

9

90

0.026

0.005

BP

0.0346

0.00020447

5

23

0.015

0.001

BP

0.0357

0.000214784

23

483

0.067

0.029

BP

0.0361

0.000220967

23

484

0.067

0.029

BP

0.0499

0.000316639

135

5142

0.392

0.304

CC

0.0001

6.49438E-08

313

13615

0.910

0.804

GO:0044424

intracellular
part

CC

0.0001

4.9349E-08

313

13595

0.910

0.802

GO:0043231

intracellular
membranebounded
organelle
intracellular
organelle

CC

0.0001

2.91624E-07

292

12429

0.849

0.734

CC

0.0001

3.03524E-07

295

12611

0.858

0.744

GO:1901362

GO:0009059
GO:0006139

GO:1901360

GO:0044249
GO:0000398
GO:0051347

GO:2000113

GO:0010558

GO:0044260

GO:0005622

GO:0043229
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Table B.6 (continued)
GO:0043227
GO:0043226
GO:0005634
GO:0005623
GO:0044464
GO:0044446
GO:0044422
GO:0005681
GO:0097526
GO:0001071

GO:0003700

GO:0003677
GO:0003676

membranebounded
organelle
organelle
nucleus
cell
cell part
intracellular
organelle part
organelle part
spliceosomal
complex
spliceosomal
tri-snRNP
complex
nucleic acid
binding
transcription
factor activity
transcription
factor activity,
sequencespecific DNA
binding
DNA binding
nucleic acid
binding

CC

0.0001

3.04698E-07

293

12492

0.852

0.737

CC
CC
CC
CC
CC

0.0001
0.0006
0.0014
0.0014
0.0240

3.1098E-07
2.21252E-06
6.28138E-06
6.20013E-06
0.000125395

295
177
322
322
135

12613
6599
14555
14554
5041

0.858
0.515
0.936
0.936
0.392

0.745
0.390
0.859
0.859
0.298

CC
CC

0.0255
0.0255

0.000143121
0.000144555

135
8

5055
69

0.392
0.023

0.298
0.004

CC

0.0372

0.000232158

4

12

0.012

0.001

MF

0.0071

3.48835E-05

37

879

0.108

0.052

MF

0.0117

5.8578E-05

36

867

0.105

0.051

MF
MF

0.0242
0.0255

0.000129208
0.000140667

52
80

1498
2634

0.151
0.233

0.088
0.155

BP: Biological Process; CC: Cellular Component; MF: Molecular Function
Supplementary Figures

Figure B.1

The distribution of motif sizes within microsatellites genotyped and used
in the search for eSTRs
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Figure B.2

The distribution of motif types within microsatellites genotyped and used
in the search for eSTRs

Figure B.3

Correlation between log cDNA concentrations and log read count ratios
(log (C: R) generated from high and low copy number eSTR loci
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